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Synopsis 

 

Plasma supports a number of modes and understanding of these various modes is crucial for 

understanding of basic plasma physics. Electrostatic plasma oscillation is one of the 

fundamental modes in plasma where the electrons oscillate with a frequency close to electron 

plasma frequency (peω ). Plasma density oscillates longitudinally with high frequency when 

the quasineutrality of the plasma is violated locally. Tonks and Langmuir[1] experimentally 

observed this oscillation and provided a basic theoretical explanation; however, they 

restricted their treatment to cold plasma and small amplitude oscillation. The effect of 

thermal motion of particles was studied theoretically by Vlasov and Landau. In fact Landau[2] 

showed that it is possible to damp electron plasma waves even without collisions. A physical 

picture of this Landau damping was later given by Dawson[3] who explained the phenomena 

as exchange of energy between the wave and the particles having velocity close to wave 

phase velocity (resonant  wave particle interaction). Malmberg et al.[4] established the 

collisionless damping of electron plasma wave experimentally. They measured the spatial 

damping of longitudinal electron plasma wave, excited by applying a high frequency voltage 

to a Langmuir probe in collisionless plasma. The authors also verified the role of resonant 

electrons in the collisionless damping by cutting off the tail of the Maxwellian distribution of 

electrons and observed a sharp decrease in damping. O’Neil[5] extended the collisionless 

damping of nonlinear plasma oscillations to time (t) greater than ( )eEkmB =τ , the bounce 

period of the trapped particles in the wave having electric field amplitude E  and wave 

number k . The damping coefficient has an oscillatory behaviour when τt  is of the order of 

unity, and its phase mixes to zero as ∞→τt . This nonlinear behaviour of the damping 

coefficient was experimentally proven by Malmberg and Wharton[6]. They investigated the 
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damping of a large amplitude plasma wave and observed amplitude oscillation at large 

distances from the exciter. In the course of their experiment, Wharton et al.[7] observed side 

bands separated from the transmitter frequency by bounce frequency ( )BB τω 1=  associated 

with large amplitude electron plasma wave. Subsequently, different aspects of nonlinear 

electron plasma wave, namely, electron trapping effects, wave–wave interaction and side 

band instability, were investigated by Franklin et al.[8 - 10]. 

It is observed that on increasing the amplitude of electron plasma wave, different nonlinear 

effects become dominant. But plasma does not sustain wave having arbitrarily high 

amplitude, and beyond certain limit, wave breaks. The maximum electric field amplitude that 

a plasma can sustain is a topic of fundamental importance to many areas of plasma physics 

particularly, plasma based particle acceleration schemes[11-12]  and some laser fusion 

schemes[13 – 14]. In laser fusion experiments, energetic electrons generated by wave breaking 

eventually leads to heating of the core and in plasma based particle accelerators, the 

maximum energy of the particles accelerated by resonant wave–particle interaction is dictated 

by the wave breaking amplitude. In cold plasma, wave breaking occurs when the electron 

excursion length becomes comparable to the wavelength and which is characterized by sharp 

rise in the local electron density and its gradient[15]. Bauer et al.[16] reported experimental 

observation of wave breaking of electron plasma wave in radiofrequency (RF) afterglow 

plasma. They observed energetic electrons associated with wave breaking. However, a 

detailed experimental study of wavebreaking of plasma oscillation establishing the parametric 

dependence of the wavebreaking amplitude on other plasma parameters like density and 

temperature are to be carried out.  

Besides wave breaking, a wave may lose its coherence by another less violent process 

namely, phase mixing of plasma oscillation/wave. Phase mixing is the loss of coherence of 

plasma oscillation/wave due to fine scale mixing of various parts of the oscillation/wave 
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when there is a spatial variation of local plasma frequency. This can happen due to the 

presence of inhomogeneity in the background plasma density that may occur due to a number 

of reasons. It may be caused by the presence of an ion wave in the background [17]. It may 

also occur in homogeneous plasma in the presence of nonlinear plasma oscillations because 

of the response of ions to ponderomotive forces either directly or through low frequency self 

consistent fields[18].   

A number of theoretical work[17 -23] have been carried out in the field of nonlinear plasma 

oscillation especially pertaining to wavebreaking and phase mixing of plasma oscillation. 

However, only a few experiments have been carried out, and a comprehensive experimental 

study testing, various predictions of theory and simulation is still elusive. For example, 

Sengupta et al[18]  theoretically showed that phase mixing of plasma oscillation can occur in 

homogeneous plasma and time (mixt ) in which the oscillations phase mix is dependent on the 

mass of the ions, ( ) 3
1

1 ∆+∆∝mixt , where ∆ is the electron ion mass ratio. Recently, 

Verma et al. [23] using one dimensional particle in cell (PIC) simulation of large amplitude of 

plasma oscillations in cold plasma showed the excitation of residual Bernstein-Greene-

Kruskal like waves after electron wavebreaking in cold plasma. With these perspectives in 

mind a new machine, Inverse Mirror Magnetized Plasma Device (IMPED), has been 

designed and fabricated in-house at Institute for Plasma Research, India, in which phase 

mixing and wave breaking of nonlinear plasma oscillation/wave can be investigated 

comprehensively in a controlled manner.  

The primary objective, of the work described in this thesis, is to identify the plasma window 

necessary for comprehensive experimental study of wavebreaking and phase mixing of 

plasma oscillation followed by design, fabrication of an experimental device that satisfies all 

the necessary criteria for successfully carrying out these experiments. Plasma in IMPED is 
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thoroughly characterised to establish the capability of the device producing plasmas required 

for the proposed experiments. This is followed by experimental study of phase mixing of 

plasma oscillation carried out within the requisite window of operation.  

The thesis is organized in eight chapters. Chapter 1 gives the introductory description of 

plasma oscillation and different linear and nonlinear phenomena associated with it. Chapter 2 

includes theoretical review of phase mixing and wavebreaking of nonlinear plasma 

oscillation. Phase mixing of plasma oscillation leads to loss of coherence as a result of which 

the oscillation decays. In laboratory plasma, the oscillation/wave may decay due to Landau 

damping or collisional damping. Phase mixing is not a violent process like wave breaking 

and in noisy plasma, it might be very difficult to do a controlled study of phase mixing. 

Additionally, phase mixing may occur in a number of physical situations, so the plasma 

device should be able to accommodate such physical conditions. Therefore, a calculation is 

carried out to determine experimental conditions necessary for observing phase mixing of 

plasma oscillation in terms of density range, temperature range, operating pressure, 

quiescence, magnetic field, required plasma uniformity and other requirements that the 

plasma source needed to satisfy. In the light of the experimental requirements, a detailed 

review of the existing schemes of plasma production is carried out to identify which scheme 

of plasma production can be further developed to meet the experimental requirements. The 

above mentioned theoretical review and the subsequent calculation to determine a suitable 

window for the proposed experiments are published in Journal of Plasma Physics, 81, 

345810203 (2015). 

In Chapter 3, the development of the experimental device is described in detail. The 

development of the device is carried out in two stages. In the first stage, a ~ 2.7 m long 

prototype device is made. The prototype is called Magnetised Linear Plasma Device 

(MLPD). It consists of a source chamber of length and diameter 0.5 m followed by a 2.2 m 
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long main chamber of diameter 0.161 m. Ten air cooled wire wound magnets were placed 

coaxially along the length of the main chamber for producing a uniform magnetic field over a 

distance of ~ 1.4 m. Plasma is produced by the multifilamentary plasma source [24] located in 

the low magnetic field region of the source chamber. During the course of operation of the 

prototype device, modifications were made in plasma source to improve the performance and 

also primary diagnostics were developed.  This was followed by the upgradation of the 

prototype to the final design. The upgraded device is named Inverse Mirror Plasma 

Experimental Device (IMPED). The upgraded device is 3.4 m long, it consist of a source 

chamber, source chamber extension and main chamber. Uniform magnetic field is produced 

by placing 10 electromagnets coaxially around the main chamber for producing a maximum 

field 1.2 kG. The upgraded device has four additional electromagnets between the source and 

the main chamber for independent variation of magnetic field. Design considerations, 

fabrication and operation of the system and subsystems have been described in this chapter. 

The diagnostics developed for measuring plasma parameters are discussed in this chapter. 

The diagnostics include Langmuir probe, emissive probe, ion wave exciter and exciter and 

detector of plasma oscillation. In order to process the Langmuir probe data quickly, a code 

has been developed to process the data automatically and semi-automatically.  

In Chapter 4, plasma characteristics of MLPD and IMPED are presented. The variation of the 

plasma parameters with different control features in both the devices is discussed. 

Particularly wide range of density and temperature variation has been achieved in IMPED. 

Lowest operating pressure in IMPED is 1.7 × 10-5 mbar which is well within the collisionless 

regime of plasma production. Plasma density is found to vary ~ 20 times when pressure is 

varied from 1.7 × 10-5 mbar to 10-3 mbar at 1090 G axial magnetic field. On varying the 

magnetic field from 109 to 1090 G at 10-4 mbar pressure, the density is again found to vary ~ 

20 times. Plasma density can also be varied without changing the pressure and magnetic field 
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in the uniform magnetic field region. This is done by using the flexible transition magnetic 

field between the plasma source and the uniform magnetic field in the main chamber. By 

changing the magnetic field near the source holding the magnetic field in the main chamber 

constant, the density in the main chamber can be varied. Plasma density is varied ~ 10 times 

by changing the magnetic field near the source, holding magnetic field constant at 1090G and 

pressure 10-4 mbar. The plasma produced is uniform, length of the axially uniform plasma is 

L ~ 120 cm and radial uniformity extends over 4 cm diameter typically. However, the 

diameter of the radially uniform plasma can be varied in this device. The density in IMPED 

ranges from 109 to 1012 cm-3, temperature 1.5 to 5 eV and operating pressure ranges from 1.7 

× 10-5 mbar to 10-3 mbar. The above mentioned plasma characteristics of IMPED along with 

details of the experimental set-up, its novelties and its capabilities are to be published in Rev. 

Sci. Instrum. vol 86, issue 6 (2015). The paper has been accepted for publication.  

 Chapter 5 is focussed on quiescent plasma production in IMPED. Quiescent magnetized 

plasma with background density fluctuations around and less than 1% is produced over a 

wide pressure range (5 × 10-5 to 10-3 mbar) covering both collisional and collisionless regime 

for magnetic field values ranging from 109 to 1090 G. IMPED employs a unique flexible 

transition magnetic field in between the plasma source and the main chamber to maintain 

plasma density fluctuations around and below 1% in the above mentioned range. The 

effectiveness of this method over the entire operating range is discussed and reason for the 

control over the density fluctuation is explored. Quiescent collisionless plasma n
nδ  ~ 0.2 % 

is produced at ~ 10-4 mbar operating pressure and 872 G magnetic field in the main chamber 

for the intended wave experiments. 

In Chapter 6, the experimental results of wave experiments are presented and discussed. The 

wave experiments include initial excitation and detection of ion density perturbation and 
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plasma oscillation separately. This was followed by excitation of plasma oscillation in the 

presence of a controlled ion density perturbation in the background. The power in the 

coherent oscillation was found to decrease with increase in the magnitude of the ion density 

perturbation. A manuscript is being written on the interaction of plasma oscillation with a 

background ion density perturbation for publication.  

The summary of the main results presented in this thesis and the future scope of this work is 

discussed in chapter 7. 

The main results of this thesis are as follows 

1. Based on the extensive review of phase mixing and wavebreaking of plasma 

oscillations, an experimental device has been designed to study the above mentioned 

phenomena experimentally. 

2. The device has been developed from elementary sub-component in two stages along 

with essential diagnostic systems. Initially, a prototype is made followed by the final 

version of the device named IMPED. IMPED is a 3.4 m long device with a flat top 

uniform magnetic field extending ~ 1.3 m. It has a wide operating range, density 

range is 109 – 1012 cm-3, magnetic field range 109 G to 1.2 kG, pressure range covers 

both collisional and collisionless regime. The entire device has been developed in-

house. 

3. Inverse Mirror Plasma Experimental device employs a unique feature for production 

of quiescent plasma %1≤nnδ  from 5105 −×  mbar to 10-3 mbar covering a wide 

density range. Controlling the quiescence of the plasma by controlling the radial 

density gradients over a wide density range, makes this device one of its kind in 

existing linear magnetised plasma devices in the world. 

4. Experiments on the interaction of plasma oscillation with a background ion density 

perturbation have been successfully conducted in this device. The power in the 
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coherent oscillation was found to decrease with increase in the magnitude of the ion 

density perturbation, indicating the occurrence of phase mixing of plasma oscillations.  
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Chapter 1 Introduction 

 

1.1 Overview and motivation 

 

Plasma supports a number of modes and a detailed understanding of these modes are essential 

for understanding basic plasma physics and to foster its application for benefit of mankind.  

Electrostatic plasma oscillation is one of the fundamental modes in plasma where the 

electrons oscillate with a frequency close to electron plasma frequency��	
�. Here, a high 

frequency longitudinal density oscillation is excited when quasineutrality of the plasma is 

violated locally. Tonks and Langmuir [1] experimentally observed this oscillation and 

provided a basic theoretical explanation; however, they restricted their treatment to cold 

plasma and small amplitude oscillation. The effect of thermal motion of particles was studied 

theoretically by Vlasov and Landau. Landau [2], in fact, showed that it is possible to damp 

electron plasma waves even without collision. A physical picture of this Landau damping was 

later given by Dawson [3]  who explained the phenomena as exchange of energy between the 

wave and the particles having velocity close to wave phase velocity (resonant wave–particle 

interaction).  Experimentally Malmberg et al. [4] established the collisionless damping of 

electron plasma wave. They measured the spatial damping of longitudinal electron plasma 

wave, excited by applying a high frequency voltage to a Langmuir probe in a collisionless 

plasma. The authors also verified the role of resonant electrons in the collisionless damping 

by cutting off the tail of the Maxwell distribution of electrons and observed a sharp decrease 

in damping. O’Neil [5] extended the damping of collisionless nonlinear plasma oscillations to 
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time (t)greater than ��= ��/����, the bounce period of the trapped particles in the wave 

having electric field amplitude E and wave number ‘� ’. The damping coefficient has an 

oscillatory behaviour when �/�  is of the order of unity, and it phase mixes to zero as 

�/�  → ∞. This nonlinear behaviour of the damping coefficient was experimentally proven 

by Malmberg and Wharton [6]. They investigated the damping of a large amplitude plasma 

wave and observed amplitude oscillation at large distances from the exciter. In the course of 

their experiment, Wharton et al. [7] observed side bands separated from the transmitter 

frequency by bounce frequency �(= 1/�) associated with large amplitude electron plasma 

wave. Subsequently, different aspects of nonlinear electron plasma wave, namely, electron 

trapping effects, wave–wave interaction and side band instability, were investigated by 

Franklin et al. [8, 9, 10]. 

It is observed that on increasing the amplitude of electron plasma wave, different nonlinear 

effects become dominant. As the amplitude of the wave increases, its waveform is no longer 

sinusoidal, i.e., it steepens. As per cold plasma theory when this steepening is so extreme that 

there are singularities in plasma density, the wave breaks. In laboratory plasmas with a finite 

temperature, the tendency of the plasma density to increase to infinity at the wave crest is 

opposed by plasma pressure and at some large wave amplitude, plasma electrons with large 

velocities along the direction of the phase velocity begin to be trapped and accelerated by the 

wave. A self-trapped electron is the one that already has velocity as large as the phase 

velocity of the wave and see a constant electric field and can be accelerated. Untrapped 

electrons are simply slow electrons that simply move with their thermal velocity in addition 

to taking part in coherent wave oscillations. At wavebreaking amplitude, numerous electrons 

are nonlinearly brought into resonance with the wave leading to a very strong irreversible 

damping of the wave and efficient acceleration of the charged particles. The wavebreaking 

amplitude of the wave, hence the maximum longitudinal electric field that can be supported 
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by the plasma is a topic of fundamental importance as it dictates the maximum energy of the 

charged particles. 

Besides wave breaking, a wave may lose its coherence by another less violent process namely 

phase mixing of plasma oscillation/wave. Phase mixing is the loss of coherence of plasma 

oscillation/wave due to fine scale mixing of various parts of the oscillation/wave when there 

is a spatial variation of local plasma frequency [11]. This can happen due to presence of 

inhomogeneity in the background plasma density that may arise due to a number of reasons. 

The nonuniformity in background plasma density may be caused by the presence of an ion 

wave in the background [12]. It may also occur in an inhomogeneous plasma in the presence 

of nonlinear plasma oscillations because of the response of ions to ponderomotive forces 

either directly or through self-consistent fields [13]. Phase mixing of plasma oscillation is 

characterized by transfer of energy [12] from lower to higher ‘�’ followed by transfer of 

energy from wave to particle by resonant wave particle interaction.  

In addition to phase mixing and wavebreaking, a wave may also be damped collsionlessly by 

linear Landau damping as mentioned before. But linear Landau damping phenomenon in 

plasma with a finite temperature has no thresholds as required by wavebreaking. 

Wavebreaking and phase mixing of plasma oscillation/wave results in transfer of energy from 

the wave to the particle irreversibly. However collisionless linear Landau damping is a 

reversible phenomenon and experimental observation of plasma echo [14] conclusively 

supports this fact.     

The physics of wavebreaking and phase mixing is a topic of considerable interest because it 

leads to transfer of energy from wave to particle. Energetic electrons generated by wave 

breaking in laser fusion experiments [15, 16] eventually leads to heating of the core. In 

plasma based particle accelerators [17, 18], the maximum energy of the particles accelerated 

by resonant wave–particle interaction is dictated by the wave breaking amplitude. Other 
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potential uses of large amplitude plasma waves ranges from development of intense X-ray 

sources [19], to the modification of the ionosphere [20] and chemistry of upper atmosphere 

[21]. The concept of phase mixing of wave in an inhomogeneous medium leading to 

dissipation of wave energy serves as possible model for coronal heating. Phase mixing of 

Alfvén wave in a medium with a density gradient perpendicular to the magnetic field has 

been studied as a possible model for coronal heating [22]. 

1.2 Review of previous experiments on wavebreaking and 

phase mixing  

A number of experiments have been carried out to study plasma oscillation and electron 

plasma wave in the last five decades. But most of the experiments have been concentrated in 

studying Landau damping of electron plasma wave and nonlinear effects associated with 

electron plasma waves as mentioned in section 1.1. Investigations of phase mixing and 

wavebreaking have mostly been limited to simulation [23, 24] and analytical [25, 26, 27, 28, 

29, 30] works with very few experiments in between. Bauer et al. [31]  reported experimental 

observation of wave breaking of electron plasma wave in a radiofrequency (RF) afterglow 

plasma. The wave experiments were carried out in a cylindrical, coaxial capacitor plate 

configuration by driving the central conductor with a 200 ��� VHF burst. Large amplitude 

plasma waves are excited at the location in the plasma where the VHF resonates with the 

local plasma density(�� � �!" #�$% �& $' = 5 × 10* ��+,). They reported observation of 

energetic electrons from the breaking of these large amplitude waves. Wavebreaking of 

plasma wave in laser plasmas have been experimentally reported by different authors. Everett 

et al. [32] reported experimental observation of wavebreaking of non-relativistic plasma 

waves induced by Raman backscatter [33]. Scattered light from an external probe beam 

indicated destruction of wave’s coherence and trapping and acceleration of background 
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electrons (up to 4.	/ 0� ~ 1��2) was inferred by computer simulations. Modena et al. [34] 

reported observations of relativistic plasma waves driven to breaking point by Raman 

forward scattering instability, induced by short, high intensity laser pulses. They observed 

acceleration of plasma electrons upto to a maximum energy of 44 ��2 by wavebreaking. 

However we shall not concentrate on laser plasma experiments in this review as spatial extent 

and temporal duration of such plasmas is very small which makes it very difficult to 

experimentally verify different aspects of nonlinear plasma theory.     

To the best of our knowledge no direct experiment has been carried out to comprehensively 

study the phase mixing of plasma oscillation. Michelsen et al. [35] experimentally studied the 

propagation characteristics of long wavelength ion acoustic waves in presence of propagating 

short wavelength electron plasma waves in a single ended Q machine. Cesium plasma of 

density 5 × 103 to 5 × 10* ��+, was confined radially in a string magnetic field (0.4 5). 

Ion acoustic waves were excited using a grid immersed perpendicular to the plasma column 

and electron plasma waves were excited by a probe placed 1 ��  behind the grid. They 

observed a decrease in the damping distance and phase velocity of the ion acoustic wave, 

when the electron and ion acoustic wave were excited simultaneously. They did not report the 

effect of ion acoustic wave on the magnitude of the coherent power in electron plasma wave.    

1.3 Unresolved issues 

From the review in section 1.2, it appears that some experiments have been carried out to 

observe and characterize wave breaking phenomena, but a comprehensive study testing 

various predictions of theory and simulation is far from satisfactory. For example the 

experimental study of phase mixing in plasma oscillations in the presence of a controlled 

density gradient is yet to be done. Role of ion inertia [13] on phase mixing of plasma 

oscillation in uniform plasma is yet to be explored experimentally. Bauer et al. [31] observed 
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wavebreaking of large amplitude electron plasma wave in the laboratory but a parametric 

study of the variation of wavebreaking amplitude on plasma density and temperature has not 

been carried out. Recently Verma et al. [24]  using one dimensional particle in cell simulation 

of large amplitude plasma oscillations in cold plasma showed the excitation of residual 

Bernstein–Greene–Kruskal like waves after electron wave breaking in cold plasma. The 

amplitude of the residual BGK wave satisfies the Coffey’s wave breaking limit for warm 

plasma [36]. Such theoretically predicted results, where the plasma heats up after electron 

plasma wave breaking and eventually supports a BGK like wave with an amplitude limit 

determined by Coffey’s limit [36] needs to be experimentally verified. Further it is well 

known theoretically that electron plasma oscillations break via the process of wave breaking 

in an inhomogeneous plasma [11, 37] but an experimental study is yet to be carried out. It has 

been theoretically predicted that collisions can possibly prevent the breaking of waves [38]. 

This is another theoretical result whose experimental verification, to the best of our 

knowledge, does not exist.  

1.4 Scope and outline of the thesis 

The thesis describes the design and development of an experimental device for 

comprehensive study of phase mixing and wavebreaking. The first stage of the designing 

process involved a detailed calculation to identify the plasma parametric space necessary for 

experimental study of different aspects of phase mixing and plasma oscillations. The 

experimental demands as per the detailed calculation included formidable requirements such 

as production of quiescent plasma (6$/$ ≲  1%)  over a wide operating range 5 ×
10* ��+, − 10:: ��+, density, 2 − 5 �2 temperature with operating pressure varying from 

5 × 10+; �<!�  to  10+, �<!� and magnetic field ranging from 50 = to 1.2 �=. The plasma 

must be both radially and axially uniform with axial uniformity extending >?@ABCDE ≥
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120 �� and diameter of the uniform plasma #?@ABCDE~ 4 �� . The plasma source has to be 

compatible with different ion species with effortless change over between different ion 

species to perform the experiments smoothly.  

In order to meet the above mentioned criterias completely, such that a comprehensive 

experimental study of phase mixing and wave breaking can be carried out a new machine 

IMPED [39], has been designed and fabricated in house at Institute for Plasma Research, 

India. However, the device is so designed that it is not limited to only wave breaking and 

phase mixing studies, and several other plasma waves and instabilities can be investigated 

thoroughly in this device. Quiescent magnetized collisionless plasma which is one of the 

prerequisites for phase mixing studies is produced in IMPED using a multifilamentary plasma 

source [40, 41, 42, 39] over a wide pressure range spanning both collisional and collisionless 

regime. Using the different control parameters, a large density variation in the range of 109–

1012 cm−3 is obtained. The novelty of the device lies in the fact that the level of quiescence is 

controlled by mirror ratio (Rm = Bmain/Bsource) using a unique flexible transition magnetic field 

between the source and the uniform high magnetic field region (main chamber) over a wide 

range of densities. The mirror ratio is varied either by varying the source magnetic field 

(Bsource) or magnetic field in the main chamber (Bmain). Quiescent plasma with δn/n ≤ 1% has 

been achieved even with ∼30 G magnetic field near filaments demonstrating the possibility 

of quiescent plasma production with ambient magnetic field near the filament  >10 G [41]. 

Another uniqueness of this device is its capability of achieving density and temperature 

variations without varying pressure or magnetic field in the main chamber using the transition 

magnetic field. 

After successfully producing the plasma necessary for the proposed wave experiments in 

IMPED, experiments on the interaction of plasma oscillation with a background ion density 

perturbation are successfully carried out in this device. The coherent power in the plasma 
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oscillation is found to decrease with the increase in the amplitude of the background 

perturbation.  

The thesis is divided into seven chapters. First chapter gives the overview, motivation and 

outline of this thesis. The second chapter describes the detailed calculation carried out to 

determine the plasma parametric regime necessary for a detailed study of phase mixing and 

wavebreaking along with a survey of different plasma sources to identify a suitable plasma 

source for the proposed wave study. The third chapter gives a detailed account of the design 

of the experimental device and a brief description of the fabrication procedure adopted to 

make the device. The diagnostics used to measure the plasma parameters and for exciting and 

studying the propagation characteristics of the wave is also described in chapter three. The 

different plasma control features of the newly built experimental device that enable it to 

accommodate a four order density variation is described in the fourth chapter. The method 

employed for quiescent plasma production in the experimental device is reported in chapter 

five. The effectiveness of this method for quiescent plasma production has been substantiated 

with experimental data. Chapter six describes the experimental result of plasma oscillation in 

the presence of background density gradient. The conclusion of the work carried out in this 

thesis and its future scope is written in chapter seven.     
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Chapter 2 Designing of the experimental device 

 

Designing of an experimental device for the study of a physics phenomenon involves first the 

development of theoretical understanding of the phenomena to be studied followed by the 

determination of the window of operation that must be satisfied experimentally such that the 

phenomenon to be observed is dominant. This is to be followed by careful designing of the 

different components and the subcomponents of the experimental set up such that the 

required window of operation can be achieved experimentally.  

The present chapter is divided into four sections. Different aspect of plasma oscillations to be 

studied experimentally is described in section 1. In section 2 the different requirements that 

an experimental device must satisfy for a comprehensive experimental study of phase mixing 

and wave breaking of plasma oscillation/wave is determined. A survey of different laboratory 

plasma sources for identification of a suitable plasma source that can be employed to produce 

the plasma necessary for the proposed wave studies is described in section 3. It is followed by 

a discussion on the choice of the plasma source for the proposed experimental device in 

section 4.  

2.1 Physics basis of the design 

Plasma oscillations are one of the fundamental modes of plasma that is excited when the 

plasma is perturbed locally. In the presence of finite temperature these oscillations propagate 

and constitute a wave. These are longitudinal density oscillations/wave, the oscillators 

(electrons) constituting the oscillation move parallel or anti parallel to the direction of 

propagation. A plasma oscillation/wave breaks when the electron excursion length becomes 

of the order of plasma wavelength i.e. ��� ��	
H⁄ ~1, or in other words the oscillation/wave 
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breaks when fluid velocity (��/��	
) becomes of the order of the phase velocity (�	
/�). 

Physically this results in the crossing of neighbouring electron trajectories. At the point of 

breaking intense wave–particle interaction occurs resulting in transfer of energy from the 

wave to random particle kinetic energy. A plasma oscillation/wave may break suddenly when 

it is excited in a way such that the breaking condition is satisfied within a plasma period or it 

may occur gradually through a process known as phase mixing. Phase mixing of an 

oscillation/wave implies decay of the oscillation/wave by fine scale mixing of various parts 

of the oscillation due to temporal dependence of the phase difference between individual 

oscillators constituting the oscillation/wave. This temporal dependence of the phase 

difference between oscillating fluid elements arises, when the plasma frequency because of 

some physical reason acquires a spatial dependence. Phase mixing eventually results in 

crossing of electron trajectories thus causing the oscillation/wave to break. Spatial 

dependence of plasma frequency, which is the underlying cause of phase mixing may arise 

either due to the presence of a static inhomogeneous background [11, 12, 43, 37] (infinitely 

massive ions) or due to gradual development of an inhomogeneity which results from the 

excitation of a low frequency self-consistent field in the presence of finite ion mass 

background [13]. In the presence of a static inhomogeneity, cold plasma oscillations phase 

mix at arbitrarily small amplitudes in a time scale [11] given by �EAJ~ K/{2(#�	
/#M)N}, 
where X is the displacement from the equilibrium position. For a sinusoidal inhomogeneity 

($A = $P + $PR �0%�AM), the phenomenon of phase mixing in the form of mode coupling of a 

long wavelength mode to short wavelength modes was discussed by Kaw et al. [12] , they 

showed that energy irreversibly goes from the low ‘k’ mode to high ‘k’ modes in a time scale 

�EAJ~2/(R�	
) . The exact solution for cold plasma oscillations in a fixed sinusoidal 

background was given by Infeld et al. [37], the authors described phase mixing in term of 

electron density burst. As stated above, inhomogeneity in the ion background may also 



 

28 
 

gradually arise in a homogeneous plasma in the presence of nonlinear plasma oscillations due 

to the response of the background species to ponderomotive forces either directly or through 

low frequency self-consistent fields [13]. For this case, it has been shown that plasma 

oscillations phase mix in a time scale �	
�EAJ~S (TH 24⁄ )�Ψ/√1 + W�X+: ,Y
, where A = δn/n 

and Ψ = �
/�Z . In the following subsections we briefly illustrate the physics of wave 

breaking and phase mixing (resulting in breaking) using a physically intuitive sheet model 

proposed by Dawson [44]. 

2.1.1 Breaking of nonlinear plasma oscillations 

According to the one dimensional sheet model [44], the evolution of any coherent mode in 

plasma can be studied in terms of oscillating motion of electron sheets about their equilibrium 

position. These electron sheets are assumed to be embedded in a cold immobile positive ion 

background. Dawson [11] showed that a coherent mode will maintain its coherence provided 

the electron sheets, while oscillating, do not cross each other. Crossing of electron sheets 

leads to a phenomenon called wavebreaking which completely destroy the coherence of the 

wave. 
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Figure 2.1: One dimensional sheet model describing plasma oscillation 

 

Consider the adjoining Figure 2.1. Let the electron originally placed at an equilibrium 

position MP be displaced by an amount N(MP, �) and the electron originally at the equilibrium 

position MP + ΔMP  be displaced byN + ΔN . Here MP  is the Lagrange coordinate of the 

electron. Equating the number of electrons originally contained between ΔMP to the number 

of electrons contained between ΔMP + ΔN, we get the electron density as  

 $(MP, �) = $P

]1 Q ^N�MP, ��^MP _ (2.1) 

where $P is the equilibrium density. Further, the width of the ion slab crossed by the electron 

sheet which was originally at MP is N, which by using Gauss’s law, yields equation of the 

electric field as   

 ��MP, �� � $P�RP N�MP, �� (2.2) 

Therefore, the equation of motion of the electron sheet can now be written as  
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 �Ǹ � −��  

   �Ǹ � − $P�HRP N (2.3) 

Which finally gives  

 Ǹ Q �	
H N � 0 (2.4) 

where �	
 is the plasma frequency. This is the equation of motion for a simple harmonic 

oscillator whose general solution has the form  

 N�MP, �� = N�MP, 0� cos��	
�� + .�MP, 0�
�	
 sin ��	
�� (2.5) 

 In order to study nonlinear plasma oscillation and its breaking, we use the following intial 

conditions, which in terms of Euler coordinate M  are given by, where Δ  represents the 

perturbation 

 $�MP, 0� = $P�1 + Δcos ��M� (2.6) 

 .�MP, 0� = 0                               (2.7) 

Where the Euler coordinate M is related to Lagrange coordinate  MP, as M = M + N�MP, ��. The 

above initial conditions immediately lead to  

 N�MP, �� = N�MP, 0�cos ��	
�� (2.8) 

Which when substituted in (2.1) gives the number density as  

 $�MP, �� = $P
]1 + ^N�MP, 0�^MP cos��	
��_ (2.9) 
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Here N�MP, 0� is implicitly obtained by using (2.6) in Gauss’s law and equating it to the 

electric field at � = 0 given by (2.2), as 

 N�MP, 0� = − Δ
� sin ��MfP � (2.10) 

 where MfP = MP + N�MP, 0�. For the density to remain positive at all times (or in other words, 

for no sheet crossing), 

 ^N�MP, 0�
^MP cos��	
�� > −1 (2.11) 

Using (2.10), the no crossing condition now stands as  

 Δ cos��MfP�
1 + Δ cos��MfP� cos��	
�� < 1 (2.12) 

 The maximum value of the L.H.S. is  Δ/�1 − Δ� , which gives Δ < 1/2  for sustained 

coherent nonlinear oscillations. Hence in terms of electric field, the maximum value is 

limited to keElmn/��	
H = Δ < 1/2 [45]. Therefore, if the initial conditions are such that 

Δ ≥ 1/2 , then cold plasma oscillations break within a plasma period, at an amplitude 

� EoJ = ��	
H /2�� . In the next subsection, we consider the case, where wave breaking 

occurs at arbitrarily low amplitudes via the gradual process of phase mixing. 

 

2.1.2 Phase mixing of nonlinear plasma oscillations 

As mentioned in the beginning of this section, plasma oscillations phase mix and eventually 

break if the plasma frequency becomes spatially dependent. Spatial dependence arises 

because of a background inhomogeneity, which in turn, may either be due to static ion 

inhomogeneity or may arise self-consistently in the presence of electron-ion oscillations. As 
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the electrons and ions move about their out own centre of mass, they eventually create a low 

frequency electrostatic field, which further affects the motion of ions thus creating 

inhomogeneities in space. This in turn affects the electron wave motion causing it to phase 

mix. In this subsection, we illustrate the phase mixing phenomenon using a static background 

ion inhomogeneity. Taking a sinusoidal inhomogeneity as $A � $P�1 + R sin��AMP��, R ≪ 1 

(2.4)  approximately becomes (taking �AN ≪ 1) 

 Ǹ�MP, �� + �	
H L1 + R sin��AMP�ON�MP, �� ≈ 0 (2.13) 

 Choosing $
 = $PL1 + R cos��AMP�O + 6$P cos��
M�  and .�M, 0� = 0   ��
 ≪ �A�  as initial 

conditions [12], solution of the above equation can be written as  

 N�MP, �� = N�MP, 0� cos r�	
P��1 + R sin��AMP�s (2.14) 

Where N�MP, 0� is approximately given by 

 N�MP, 0� ≈ − 6 sin��
MP�
�
�1 + R sin��AMP�� + 6 cos��
MP� (2.15) 

For R ≪ 1, (2.14) can further be approximated as  

 N�MP, �� ≈ − 6
2�
 t u@ vR�	
P�

2 w xsinS�	
P� + �$�A + �
�MPX
y

@z+y
− sinS�	
P� + �$�A − �
�MPX{ 

(2.16) 

 Since the electric field is directly related to N�MP, �� as  

 ��MP, �� = ��	
PH
� �1 + R sin��AMP��N�MP, �� (2.17) 
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 (2.16) shows that the field energy put in the fundamental mode diminishes as ~uPH�R�	
P�/
2� and the coherence is lost in a time scale [12] �EAJ~2/�R�	
P�. Physically, since each 

electron sheet oscillates with a frequency which depends on their position, as time progresses, 

they slowly go out of phase [11] and the initial coherence is lost. As the energy goes into 

higher modes, the density profile becomes steeper, eventually resulting in the crossing of 

trajectories of neighbouring electron sheets which causes the oscillations to break.       

The nonlinear problem of plasma oscillations in a static periodic ion background was exactly 

solved by Infeld et al. [37], the authors analytically showed that, because of the spatial 

dependence of the plasma frequency, the electron number density will eventually explode. 

This is nothing but a signature of wave breaking. Thus the phenomenon of phase mixing 

ultimately causes the oscillations/waves to break at arbitrarily low amplitudes. If the 

inhomogeneity is self-consistently generated, then as stated above, plasma oscillations phase 

mix (wave break) in a time scale �	
�EAJ~S�TH/24��Ψ/√1 + Ψ�X+: ,⁄  . Here T  is the 

amplitude of perturbation and Ψ is the electron to ion mass ratio. 

 

2.2 Identification of operating window of the experimental 

device 

Phase mixing is a gradual process. It happens over several plasma periods. In addition to 

phase mixing a wave may be lost in the plasma due to collisional damping and Landau 

damping [46]. So it is necessary to find out the range of experimental parameters over which 

phase mixing of nonlinear plasma oscillations may be expected to dominate over other 

competing processes i.e. the phase mixing length is less than collisional damping or Landau 

damping length. In the following, we will estimate the maximum length within which phase 
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mixing is expected to occur as well as all different length scales of the relevant damping 

mechanisms. From these calculations one arrives at the suitable plasma parameters the device 

should provide. 

2.2.1.1 Phase mixing length 

Phase mixing of plasma oscillation may occur in a non-uniform plasma [11, 12] as well as in 

a uniform plasma [13] to start with. The length of time in which plasma oscillation is 

expected to phase mix is more in case if plasma oscillations are excited in uniform plasma. 

So for designing purpose, phase mixing of plasma oscillations in homogeneous plasma is 

considered for determining the maximum phase mixing length. The maximum length within 

which phase mixing is expected to occur for various plasma densities and temperatures are 

determined from the expression: |EAJ � �EAJ.}/
.  

 |EAJ � 1
�	
 ~�TH

24� v Ψ
√1 + Ψ w �

+:, .}/
  (2.18) 

The expression for �EAJ is valid for electron plasma oscillation in a uniform background. For 

non-uniform background or in the presence of ion wave in the background the phase mixing 

length is even lower. Thus from the expression for maximum phase mixing length (2.18) it is 

observed that it’s a function of plasma density, electron temperature, fluctuation level (A = 

δn/n) and electron to ion mass ratio Ψ = �
/�Z . As the plasma density increases, the phase 

mixing length decreases. A plot of the variation of the maximum phase mixing length with 

change in A is given in Figure 2.2 with different values of  5
. From the figure, it is seen that 

for A = 0.05 the maximum |EAJ is 0.94 m at 5
 = 5 eV and $ = 5 × 10*��+,. Hence, from 

the perspective of maximum phase mixing length, operation at densities greater than 5 ×
10* ��+, is preferred, as for lower densities phase mixing length will increase. For example, 

for same parameters as mentioned above, the maximum phase mixing length is 2.94 m for 
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electron density of  5 × 103��+,. For higher densities, say, 10:P��+,, the maximum phase 

mixing length will be much less, but with increase in density the plasma frequency also 

increases (�	
 ∝ √$) thus increasing the demand on diagnostics. Thus, the density window 

from mid 10* ��+, to mid 10���+,  is preferred for the phase mixing experiment. However 

experiments can be carried out at higher densities. The plasma temperature (5
) should be 

around few eV, as for large 5
 the maximum phase mixing length increases considerably. 

This is so because as the temperature increases the group velocity of the wave also increases 

thus increasing the phase mixing length. 

 

Figure 2.2: variation of maximum phase mixing length with induced density perturbation 
A=δn/n for argon plasma of different density and temperature. 

 

2.2.1.2 Collisional damping 

Experimental study on phase mixing requires all collision lengths to be greater than the 

maximum phase mixing length. This implies that the plasma has to be collisionless in order to 
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observe the phase mixing phenomena. To ensure this, the electron-neutral mean free path 

|EB�� :@�����, which is the dominant collision mechanism in laboratory plasmas, must be 

several times the maximum phase mixing length. To get an estimate of the collisional 

damping length, the damping length of a linear Langmuir wave is calculated using the fluid 

equations.  

The governing equations for determining the collisional damping length of a linear Langmuir 

wave are equation of motion of the electron fluid, continuity equation and Gauss’s Law. The 

equation of motion of the electron fluid after taking electron neutral and electron ion 

collisions into account becomes 

 �
$
 ~^.
����^� Q �.
���� . ∇�.
����� � −��5
∇$
 − �$
��� − �
�
@$
.
���� − �
�
A$
.
���� (2.19) 

The equation of continuity for electron density and Gauss’s law can be written as  

 ^$
^� Q ∇. �$
.
����� � 0 (2.20) 

 ∇. ��� � ��$A − $
�RP  (2.21) 

The last two terms on the right hand side of (2.19) represents the momentum gained per unit 

volume by electrons due to collisions with neutrals and ions respectively. Other symbols have 

their usual meaning. Solving (2.19), (2.20) and (2.21) by the process of linearization, where 

$
 � $P Q $: ,  .
���� � .P����� Q .:����� and ��� � �P����� Q �:����� . Subscript zero represents the equilibrium 

quantities and the subscript one represents first order perturbation. At equilibrium .P����� � �P����� �
∇$P � 0. Therefore (2.19), (2.20) and (2.21) takes the form  
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 ^.:�����^� � − ��5
�
$P ∇$: − ��
 ��� − �
@.:����� − �
A.:����� (2.22) 

  ^$:^� Q ∇�$P.:������ � 0  (2.23) 

 ∇. �:����� � �$:RP  (2.24) 

Fourier analysing the above equations and performing a little algebra one gets 

 �H � �	
H Q �2 .}/H �H −  ��
A Q �
@ ��  

 

For one dimensional adiabatic process � � 3, the dispersion relation becomes  

 �H � �	
H Q 32 .}/H �H −  ��
A Q �
@ �� (2.25) 

 Let                                  � � �D Q  �AE 

After a little algebra one gets 

 

 � � ���	
H Q 32 .}/H �H − ��
A Q �
@�4 � −   �
A Q �
@2  
(2.26) 

Therefore  

 �: ∝ �+A�}  

 �: ∝ �+A��}�+����Z����}/H (2.27) 

The time in which the electric field decreases to 1/� of its original value  
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 ��oE	A@� � 2�
A Q �
@ (2.28) 

The group velocity of the electron plasma wave is given by  

 .� � 12 3.}/H �
���	
H + 32 .}/H �H − ��
A + �
@�H4 � (2.29) 

The distance in which the amplitude decreases to 1/� of its original value (damping length) is  

 |'C�� = .���oE	A@�  

 |'C�� = 2�
A + �
@
32 .}/
H �

���	H + 32 .}/
H �H − ��
A + �
@�H4 � 
(2.30) 

The variation of the collisional damping length with pressure, density, temperature and 

wavelength is shown in Figure 2.3. 

 

Figure 2.3: Variation of collisional damping length of linear Langmuir wave of wavelength 
2.5 cm with pressure for different plasma densities and temperature. 
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2.2.1.3 Landau Damping length 

The phase mixing length should be less than Landau damping length. The landau damping 

length of the wave can be increased, by increasing the wavelength of the wave. This may be 

achieved by exciting wave near the plasma frequency. Landau damping for a wave exhibiting 

weak damping [8] may be estimated by  

 �A � �� v^�^� w+:
 (2.31) 

 where ��is the Linear landau damping rate in the time domain. 

2.2.1.4 Desirable features of the plasma  

Based on the discussion in the previous sections we now arrive at the most suitable features 

of the plasma that are necessary for observing phase mixing and wavebreaking phenomena in 

the laboratory. They are listed as follows: 

a) Quiescence: Ideally one would require plasma with background fluctuation level 

6$@CA�
/$ much less than the perturbation level that is going to be excited. Hence one 

would require a quiet plasma. Taking practical difficulties into consideration, this 

background level should be ≤ 0.01 at least. 

b)  Uniformity: The plasma must be uniform, as phase mixing of nonlinear oscillation as 

per the route described by Sengupta and Kaw [13] requires uniform plasma to begin 

with. The length of the uniform plasma must be greater than the maximum phase 

mixing length. Considering that the maximum phase mixing length for A = 0.05 in 5 

eV argon plasma having density 5 × 10* ��+, is 0.94 m. So, the uniform plasma 

length must be greater than 0.94 m. Radially uniform plasma with radius of the 

uniform plasma greater than equal to the wavelength of the wave to be excited is 

preferred. 
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c) Axial magnetic field: One way of ensuring uniform plasma of length greater than 

0.94m is to use an axial magnetic field for confinement. The addition of magnetic 

field further enriches the wave phenomena that one may look at experimentally. 

Hence a variability of the magnetic field such that one may vary �'
  (cyclotron 

frequency) from less than �	
 to greater than �	
 is desired.  

d) Compatibility with different ion species: The maximum phase mixing length is a 

function of the electron–ion mass ratio (Ψ ). This implies that in order to 

experimentally investigate the parametric dependence of the phase mixing time on Ψ, 

one requires a plasma source compatible with different ion species. 

e) Reproducibility: The plasma should exhibit the same physical characteristics under 

the identical operating conditions. This is a necessity for studying the different aspects 

of the wave phenomena in a controlled manner.   

f) Ease of operation: Since the proposed experiments require parametric study with 

different ion species, it is desirable to change the ion species easily in between 

experiments without any major changes in the set up.       

Therefore the experimental requirements for the study of phase mixing and wavebreaking 

experiments are as follows.   

a. Quiescence : 6$/$ ~0.01 or less 

b. Density range : 5 × 10* − 10:: ��+, (for experimental purpose a three order density 

variation within the mentioned range may suffice) 

c. Temperature : few eV 

d. Operating pressure : 5 × 10+; − 10+, �<!� 

e. Magnetic field: 50= to 1.2�= 

f. Extent of the flat top magnetic field: 1.2 � 

g. Axial uniformity of the plasma : >?@ABCDE > 1.2 � 
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h. Plasma source to be compatible with different ion species    

 

2.3 Selection of Plasma source 

Over the years several plasma sources and devices have been built for conducting different 

plasma physics experiments. Different laboratory plasma sources have different 

characteristics. In order to identify a potential plasma source for carrying out the proposed 

wave experiments a number of laboratory plasma sources have been reviewed. The suitability 

of a plasma source has been judged keeping in mind the required plasma features as 

described in the previous section along with technical complexity involved in building the 

plasma source and cost of building and maintain the same.   

The different plasma sources that have been reviewed are discussed as follows.  

1. Positive Column of parallel plate DC glow discharge: Production of the plasma by 

the application of a potential difference between two electrodes is one of the oldest forms of 

plasma production. Plasma is produced by electron impact ionization of the neutral gas and 

the discharge is sustained by secondary emission of electrons from the cathode surface 

because of ion bombardment [47]. The structure of such a discharge is complicated near the 

cathode [47], but away from the cathode in the positive column, fairly uniform weakly 

ionised plasma is obtained. The positive column has a longitudinal electric field which is 

fairly constant along the column. DC glow discharge can be used to produce long plasma 

columns (> 1m) if sufficient voltage is applied between the anode and the cathode.  Plasma 

density typically ranges from 10� to 10:: ��+,.  The electron temperature typically vary 

from 1 – 5 �2, depending on the ionization potential of the gas, fill pressure and column 

radius [48]:  
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 �M����A/�5
����A/5
 � �����H (2.32) 

 where C is a tabulated constant [49]. The ions are generally in thermal equilibrium with 

neutrals.  A longitudinal magnetic field reduces radial diffusion but a field larger than few 

hundred gauss can cause instabilities in the plasma column [50]. The fill pressure typically 

ranges from hundreds of mbar to ~ 10+:	�<!�. At low pressures quiescence is often limited 

by ionization instabilities (striations).  Hence for quiescent plasma production operation is 

limited to higher neutral pressures. Thus in DC glow discharge the plasma is highly 

collisional and it is not suitable for the proposed wave experiments at all.  

 

2. Hollow cathode discharge: The limitation of the ordinary glow discharge in terms of 

higher operating pressure can be surmounted in a hollow cathode discharge by the use of 

differential pumping. The schematic of the plasma source is shown in Figure 2.4.  

 

 

Figure 2.4: Schematic of hollow cathode discharge    

 

The hollow cathode is a thin walled metal tube (~ typical diameter 1 cm) which electrically 

serves as the cathode and simultaneously acts as the input for the neutral gas, which is to be 

ionized. The neutral pressure inside the cathode tube can be 10, times higher than in the 

main chamber. Ignition is typically achieved by overvolting. Generally hollow cathode is 
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operated at high current densities typically in the range ~1 – 10 A cm-2. Intense ion 

bombardment of the cathode at such current densities leads to high cathode temperatures 

causing thermionic emission. Most of the ionization occurs in the high pressure region inside 

the cathode. Ionization efficiency can be is high ~ 80% and is generally used for high density 

plasma density production [51] (1013 – 1014 cm-3).  However lower plasma densities around 

~5 ) 10�	��+, which is more suitable for the proposed wave experiments has been reported 

by Sato et al [52]. Hollow cathode discharge can be operated both in the presence and 

absence of an axial magnetic field. Plasma temperature ranges typically from 2 – 4 eV. 

However plasma temperature can be decreased continuously by an order of magnitude by 

installing pins in hollow cathode discharge [52]. This can be advantageous from the point of 

view of parametric wave studies. A number of gases can be used for plasma production. The 

lower operating pressure in hollow cathode discharge is ~ 10+  mbar. Since the lowest 

operating pressure required for the proposed wave experiment is around5 ) 10+;	�<!� , 

hollow cathode discharge may not be suitable for the proposed experiment. Additionally the 

life time of the metal tube that acts as the hollow cathode is also less and may require 

frequent replacements, this increase the down time of the experimental device.  

3. Duoplasmatron: Like hollow cathode discharge, collisionless plasma in this case is 

Figure 2.5: Schematic of an experimental device using a duoplasmatron source for 
magnetized plasma production . 
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also produced by differential pumping. The schematic of a duoplasmatron plasma source for 

production of collisionless plasmas is shown in Figure 2.5. Plasma is produced by filament 

discharge at high pressure ~ 5 × 10+H �<!� and injected through a 1 – 3 mm diameter hole 

through a magnetic mirror into the main chamber which is held at a much lower pressure (~ 

10-3 to 10-5 mbar). Long plasma column can be sustained (>1m) in the presence of a strong 

axial magnetic field of value of few kG [53]. Plasma having density 108–109 cm−3, 

temperature 5–20 eV using a duoplasmatron source have been reported in the literature [54]. 

But the radial uniformity of the plasma produced using duoplasmatron is poor [50].  

 

4. Reflex discharge: The geometry of a typical Reflex discharge is shown Figure 2.6 

schematically. Plasma is produced by electron impact ionization. The ionizing electrons are 

confined axially by negatively biased electrodes and radially by an axial magnetic field. 

Instead of using hot cathodes as shown in Figure 2.6, cold cathodes can also be used for 

plasma production. Plasma can be produced over a wide density range ~10� − 10:H ��+,. 

Plasma temperature typically ranges from 2 – 10 eV. This plasma source is compatible with 

an axial magnetic field. The main disadvantage with reflex discharge is lack of quiescence for 

greater part of the parametric range of operation. Density fluctuations level can be > 10 % 

depending on the instabilities present. However it is possible to produce quiet plasma over a 

small parametric space. When the axial magnetic field and the operating pressure are such 

that the electron loss rate due to classical diffusion is equal to the ion loss rate, instabilities 

are suppressed [55]. The density fluctuation level decreases to 6$ $⁄ ≅  0.01%. This strictly 

restricts the available operating parametric space for wave studies. Hence reflex discharge 

cannot be used for the proposed wave studies.    
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Figure 2.6: Schematic of a typical reflex discharge using a hot cathode. F = filament, A = 
anode, C = cathode and M = magnet 

 

5. Radio Frequency discharge: A plasma can be produced inside a vacuum chamber by 

means of an oscillating electric and magnetic field. RF range commonly used in discharge 

practice is � ≅ 1 9 100	��� . 13.56 MHz RF generators are most commonly used for 

plasma production. RF discharges can be subdivided into capacitive, inductive and helicon 

discharges depending on the way in which RF energy is deposited in the plasma. In 

capacitive discharges, the voltage from the RF generator is applied to the electrodes, the 

electrons gains energy from the oscillatory electric field. Plasma is produced by electron 

impact ionization of neutrals. The operating pressure range using the parallel plate 

configuration is typically 10+H 9 10+:	�<!�  and densities are obtained in the range 

10� 9 10:P	��+,. Typically in inductive discharges, RF is fed to helical coils wound axially 

around a cylindrical dielectric plasma vessel as shown in Figure 2.7b. The power is coupled 

to the discharge by transformer action. The oscillating current in the coil produces an 
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oscillating magnetic field along the axis of the coil which inturn produces an induced vortex 

electric field with closed lines of force. The electrons are accelerated by this induced electric 

field and oscillations occur in curved orbits. The density range for efficient inductive 

discharge is typically 10 times greater than capacitive range. Typically inductive discharges 

are operated at pressures above	10+,	�<!�	 . Helicon discharges [56] are wave heated 

discharges and absorption of energy from waves to particles is responsible for deposition of 

RF power into the plasma. This plasma source is highly efficient and can be used to produce 

high density plasmas	~	10:H 9 10:,	��+, . Figure 2.7c shows the different antennas that 

have been developed for helicon plasma production. 

 

Figure 2.7: Different types of RF discharge. (A) Capacitive discharge, (B) Inductive 
Discharge, (C) Different types of antenna used in Helicon discharge.  
 

Using the same antenna capacitive, inductive and helicon discharges can be produced in a 

device, this increases the plasma density range �10� 9 10:H��+,� available for experimental 

purpose. Long plasma columns [57] can be produced by using helicon plasma source in the 

presence of an axial magnetic field. Helicon plasmas may be quiescent or noisy depending on 

the operating regime [58]. Typically the lowest operating [59] pressure for devices using a 
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helicon plasma source is ~ 10+  �<!�. But helicon plasma column may not be radially 

uniform under all operating conditions. In addition to the conventional methods described 

above, power from the RF generator can be coupled to produce plasma under a variety of 

other configuration. For example, Earl and Mackenzie [60] produced reasonably uniform 

cylindrical plasma in the presence of uniform magnetic field (≤ 500=) by applying 200V RF 

at 80 MHz to a fine wires stretched across the diameter. They produced argon plasmas of 

densities 10* − 10� ��+, and electron temperature up to 12 eV with noise level 6$/
$ ~0.3% . The lowest operating pressure reported by Earl and Mackenzie is 

around 10+  �<!�.  Plasmas of different gases can be produced using an RF source.  

 

6. ECR plasma: Long magnetized uniform plasma column [61] can be generated by 

exploiting the fundamental electron cyclotron resonance condition. The applied axial 

magnetic field may be uniform [62] or non-uniform [63]. Typical non uniform profiles being 

either that of a mirror or half mirror. Microwave is generally launched axially; it couples to a 

mode of the plasma and is absorbed in the resonance layer where � ≈ �'
, this absorption of 

the wave energy by the plasma particles helps in maintaining the plasma. Figure 2.8 shows 

the schematic of a microwave discharge system for production of uniform magnetized 

plasma. A magnetron is used as a microwave source. It is connected to a circulator followed 

by a dual directional coupler. The circulator protects the magnetron from the reflected power 

while the dual directional coupler is used to sample the forward and reflected power. Linearly 

polarized microwave is launched directly from an open ended waveguide into the plasma 

chamber through a mica window.  
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Figure 2.8: Schematic of linear plasma device with a microwave source for magnetized 
plasma production. RPM = Reflected power meter, FPM = Forward power meter. 

 

Typical frequencies of microwave sources for ECR based applications range from a few GHz 

to several tens of GHz. In tokamaks, ECR pre-ionization and heating are usually carried out 

at frequencies between 30 to 100 GHz depending on the value of the toroidal magnetic field. 

However, 2.45 GHz microwave source is the most commonly used because they are easily 

available, cheap and magnetic field requirement is less (876 G). The ECR produced plasmas 

are generally efficiently ionized and of moderate density. There is a critical density �$'� 
determined by the cut-off condition of ordinary wave: � q �	
 �	�$'�H RP�
⁄ , where �	
 

is the plasma frequency and RP is the vacuum permittivity. At 2.45	=��  the value of $' 

is	7.4 ) 10:P	��+,. This limitation can be surmounted by feeding power using a circularly 

polarized microwave. Tanaka et al. [64] using a 2.45 GHz microwave source produced 

plasma having density $ g 10:,	��+,  by converting the linear polarized microwave to 

circularly polarized one by using a circular polarizer. Thus it is observed that plasma over a 

wide density range [64, 62] i.e. 10� 9 10:,	��+,	can be produced in ECR discharge. The 

lowest operating pressure is typically ~ 10+;	�<!� . ECR plasmas with low density 

fluctuations [65] (6$/$	~	1 9 2%) have been reported in literature. Plasma temperature can 
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vary from few to few tens of eV. Plasma of different gases can be produced using ECR 

discharge.  

 

 

Figure 2.9: Schematic of a double ended Q machine.  
 

7. Q machines: In the Q machine plasma is produced by contact ionization [66] of an 

alkali or alkali earth metal vapour on a hot metal plate and thermionic emission of electrons 

from the hot plate at high temperatures. The schematic of a Q machine is shown in the Figure 

2.9. Figure shows a double ended Q machine however, plasma can also be produced in a 

single ended configuration with the hot plate at one end and a terminating metal plate at the 

other end of the column. Plasmas of different ion species can be produced. The ion species is 

limited to neutrals having low enough ionization energies like Na (5.14 eV), K (4.34 eV), Cs 

(3.89 eV), Ba (5.21 eV) etc. Hot plate is made from materials with high melting points like 

tungsten �3380P��, tantalum �3000P�� and rhenium �3182P	��. This is so because the plate 

is to be maintained at high enough temperatures to give an appreciable Richardson emission 

of electrons to maintain plasma neutrality. The hot plate is generally maintained at 

temperatures around 2100P�. Both electrons and ions have the same temperature as that of 

the hot plate just above ~ 0.2 eV. This can be varied by application of auxillary heating. For 
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example Levine et al. [67] varied the electron temperature from 0.2 eV to ~ 1 eV by resonant 

absorption of energy at electron cyclotron frequency by application of ~ 1W of power at 

10GHz. Plasmas over a wide range of densities [68, 69, 70, 71] 103 to 10:,��+, have been 

produced in Q machines. In order to produce collisionless plasma one has to operate the 

device in the low density range ~ 103 − 10� ��+, because of the high electron-ion collision 

frequency due to lower temperatures. The plasma produced is radially uniform and the radial 

uniformity is dependent on the diameter of the hot plate. Long plasma column (> 1 m) can be 

easily produced by confining the plasma by magnetic field of the order of kG aligned along 

the axis of the device. The plasma produced in Q machines is generally very quiet as most of 

the free energy sources which can excite instabilities can be avoided. For example 

nonuniform heating of the hot plate will give rise to a temperature gradient on the plate which 

can cause a large potential gradient in the plasma. The resulting electric field may cause ion 

and electron drifts. This can be solved by using a carefully designed cathode system [72, 73].  

Finally it can be concluded that the required quiescence, uniformity, density and temperature 

range for the proposed wave experiments can be satisfied in Q machine.        

 

8. Multifilament discharge: In filament discharge, plasma production is based on 

electron impact ionization of the gas by accelerated thermionic electrons emitted by heated 

filaments. The filaments are heated by passing current through it. The current density of the 

thermionically emitted electrons in the presence of high extraction field is determined by the 

Richardson Dushman law uEoJ = T5  �M� r− 
¤¥¦§�s , where T  is the Dushman’s constant 

�1.2 × 10¨ T �+H ©+H �, 5 is the filament temperature in kelvin, ª is the work function of 

the filament in volts and � is the Boltzmann’s constant. If the extraction voltage is not large 

enough, the emission is space charge limited and the emission current density is given by 

Child’s Law for a cylindrical diode u
 ∝ 2,/H . The thermionically emitted electrons are 
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accelerated by the biasing voltage applied to the filaments. These energetic (primary) 

electrons ionize the gas by electron impact ionization. The plasma forms sheath around the 

heated filaments and the plasma at the sheath edge forms the anode. The sheath region around 

the filaments is rich in ions and primary electrons.  

Homogeneous plasma over a large volume can be produced by using multiple filaments such 

that the ionizing electrons are disposed symmetrically around the chamber. This concept was 

used by Taylor et al. [74] to produce uniform plasma over a large volume in their double 

plasma device. Densities were typically in the range 10* − 10:P ��+, , electron temperature 

varied from 0.5 to 5 �2 and noise level �6$/$� was 5 × 10+  . The lower operating pressure 

in this type of devices is typically ~ 10+  �<!�. This is so because as the pressure decreases 

the mean free path increases, and when the mean free path becomes much greater than the 

system dimension most of the primary electrons escape to the vessel wall without ionizing the 

gas. This problem was solved by introducing multi-dipole confinement scheme, for confining 

the plasma and the primary ionizing electrons. Figure 2.10b shows a double plasma device, 

using permanent magnets to produce a multipolar magnetic field at the surface of the vessel. 

The primary electrons are reflected multiple times back into the plasma by the multi-dipolar 

magnetic field at the surface of the vessel. Thus the ionizing electrons travel a much greater 

length before it is lost to the vessel wall; as a result plasma can be produced at a much lower 

operating pressure. Limpaecher and Mackenzie [75] using multidipolar confinement 

produced quiescent collisionless argon plasma at 5 × 10+¨ 50��  with 5
 ≈ 5 �2 , 5A ≈
0.5 �2, $A ≈ 8 × 10:P ��+, , noise 6$/$ ≈ 2 × 10+ . The reason for observation of such 

low density fluctuation was ascribed to the isotropization [48] of the primary electron 

population due to scattering by the permanent magnets lining the surface of the device. The 

Mackenzie bucket has been used in neutral beam injectors for tokamaks; it has been used for 



 

52 
 

producing large volume uniform plasma for wave studies in the absence of axial magnetic 

field.  

 

Figure 2.10 : Schematic of devices using multifilamentary discharge for plasma production, 
(a) Double Plasma Device, (b) Double plasma device with multidipolar confinement, (c) 
Device for production of magnetized filament plasma 

 

Gekelman and Stenzel [40] produced magnetized plasma using a multifilamentary cathode. A 

schematic of a multifilamentary device with an axial magnetic field is shown in the Figure 

2.10c. Primary electrons produced by the multifilament cathode in weak field region stream 

along the magnetic field lines to high field region producing plasma by electron impact 

ionization. The large source chamber is surrounded by permanent magnets which serve to 

confine the primary electrons enabling efficient plasma production. The magnetic field near 

the joule heated filaments is maintained at a low value around ~ 10 G such that twice the 

Larmor radius of the electrons emitted by the filaments is greater than the filament 

separation. This is done to ensure that the electrons emitted by adjacent filaments are able to 
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thermalize. Gekelman and Stenzel were able to produce argon plasma with a density range ~ 

109 – 1011 cm-3 and operating pressure spanned form ~	6.7 ) 10+;  to	10+,	�<!� . They 

reported a density fluctuation 6$/$	 ≲ 1% in argon plasma at ~	4 ) 10+ 	�<!� and 1�= 

magnetic field. Plasmas of different gases like argon, helium, neon, etc., can be produced in 

filament discharge.  

 

 

 

Figure 2.11 :  Schematic of a device using Large oxide coated cathode for plasma production. 
 

9. Large area oxide coated cathode: Oxides coated cathode of oxides of barium (Ba), 

strontium (Sr), calcium (Ca), are efficient emitters at low temperature	�800P��. The oxide-

coated-cathode is stretched flat with springs and indirectly heated by filaments behind it. The 

emitted electrons are accelerated through a pulse anode grid to ionize the gas by electron 

impact ionization. Large diameter plasma over a long distance can be produced using an axial 

magnetic field. In LAPD [76] a large area oxide coated cathode is used to produce plasma of 

diameter 50 cm and 10 m length in a magnetic field up to	3	�=.  Quiescent [77] plasmas 

�6$/$	~1%� of different ion species like krypton, argon, etc. can be produced. Plasma can 

be produced at lower operating pressure [78] ~	10+ 	�<!�.  This source is particularly 
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suitable for production of high density plasma ~ 10:: −  10:H��+,  with few eV 

temperatures. Oxide coated cathode suffers from deterioration of the cathode coating when 

exposed to  ¬H and �¬H [79]. Oxide coated cathode plasma source is more costly compared 

to other hot cathode sources [79].  

10. Other sources: Some of the other type of plasma sources like laser produced plasma, 

atmospheric discharge [47] etc, as they are not suitable for the proposed wave experiments 

have not been described here. For example laser produced plasmas exist for a small duration 

of time and the spatial extent is also too small to study phase mixing of plasma oscillation in 

detail.  

2.4 Proposed Device 

From the review of different plasma sources only a few sources are found to be suitable for 

the proposed wave experiments. From the point of view of compatibility with magnetic field, 

production of collisionless uniform plasma with low density fluctuation and required density 

range (section 2.2 on page 33) only Electron cyclotron resonance discharge, Q machine and 

multifilamentary discharge with an axial magnetic field are suitable for the proposed wave 

experiments. One of the easiest ways to produce a long uniform plasma column using ECR is 

to launch the microwave in a uniform axial magnetic field. However the magnitude of the 

magnetic field is limited by the frequency of microwave source used for plasma production, 

such that the resonance condition is met (� ≈ �'
�. Thus inorder to have the experimental 

flexibility of changing the uniform axial magnetic field a variable frequency microwave 

plasma source is necessary. But such a variable frequency microwave plasma source is very 

costly. The problem can be circumvented by producing plasma with a 2.4 GHz microwave 

source in a non-uniform magnetic field.  
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Q – machines satisfied all the plasma source criterias mentioned in section 2.2  except one 

and i.e. is ease of operation. For the proposed experiments plasmas of different species will 

have to be produced. Changing the ion species in Q machine will take time. Moreover Q 

machines are very costly. 

Multifilamentary plasma source in the presence of an axial magnetic field can be used to 

produce uniform plasma at low operating pressure. Quiescence is a concern density 

fluctuation 6$/$ ~1%  was reported by Gekelmann and Stenzel in SCAMP at  3 ×
10+  �0��, but value of density fluctuations at lower operating pressure ~ 5 × 10+; �<!� is 

not available in published literature for this type of devices. A detailed study of 

multifilamentary plasma source compatible with an axial magnetic field shows that there is 

scope of carrying out a number of modifications in the existing designs for improving the 

performance. For example the axial confinement of primary ionizing electrons can be 

improved by lining the walls with permanents magnets in line cusp configuration for better 

confinement. The density range accessible for experiments in the main chamber can be 

increased by controlling radial diffusion in the source chamber. This can be achieved by 

removing the permanent magnets lining the curved surface of the source chamber and control 

the radial confinement of plasma in the source chamber by increasing or decreasing the axial 

magnetic field. To increase the maximum value of allowable axial magnetic field near the 

filaments, the filaments will have to be spaced closely such that filament spacing is greater 

than equal to twice the Larmor radius of the primary electrons emitted thermionically by the 

heated filaments. This is so because if the filaments are spaced at a distance greater than 

twice the larmor radius then the electrons emitted by two adjacent filaments may not be able 

to thermalize and this will result in parallel beams [80] inside the experimental device which 

is not desired for wave studies. It may be possible to reduce filament spacing to 1 cm thus 

increasing the magnitude of maximum allowable magnetic field near filaments to ~ 70 G at – 
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90 V discharge voltage. However it must be noted that Pierre et al. [80] pointed out that the 

ambient magnetic field near the filaments should be less than 10G for quiescent plasma 

production in a multifilamentary source compatible with an axial magnetic field based on the 

results of Taylor and Mackenzie in the double plasma device. This may not be quite true and 

further experiments are needed to verify this. As far as quiescence is concerned experiments 

can be carried out to reduce plasma fluctuations by minimizing sources of free energy.   

Considering the low cost and scope of improvement available for a multifilamentary plasma 

source coupled with easy availability of materials required for the construction locally, a 

multifilamentary plasma source with an axial magnetic field is the preferred plasma source. 

Local availability of the materials required for the construction of the device is important as it 

reduces the time required to procure the materials hence cuts down the time required to 

fabricate the experimental device and carry out necessary trouble shooting.     

Thus it was decided to make a magnetized linear plasma device with a multifilamentary 

plasma source having a number of modifications to suite our experimental requirements. 

Considering that experimental results may not always be as desired, the new device must 

have enough flexibility to accommodate an ECR source or be converted into a Q machine if 

absolutely necessary for the wave experiments. In order to ensure that the device can be 

converted into a Q machine if required, there must be provisions to increase the axial 

magnetic field values to 2.5 kG or above. Thus the solenoid magnets to be designed must be 

capable of producing higher magnetic fields than necessary for operation with 

multifilamentary source.  
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Chapter 3 Experimental device and diagnostics 

 

 

An experimental device is designed and fabricated for controlled study of plasma waves and 

instabilities. It has a number of components which have been carefully planned to deliver a 

machine a) having wide plasma parameter regime, namely, low plasma density to high 

density, to allow plasma frequency to go from less to higher than electron cyclotron 

frequency, b) operable at wide range of pressure to cover collisionless to collisional regimes, 

c) having low quiescence plasma allowing wave excitation and detection experiments 

possible, d) flexible magnetic coils positioning to get different magnetic field configurations, 

e) operable in steady state or pulse mode to meet requirements of various experiments, and f) 

having options of connecting to various kinds of plasma sources.  

The experimental device is developed in two stages. In the first stage, a prototype device is 

made to test the new designs, carry out troubleshooting wherever necessary and develop the 

primary diagnostics. The prototype device is called Magnetized Linear Plasma Device. In the 

second stage the upgraded version of the device is installed and operated. The upgraded 

version is called Inverse Mirror Plasma Experimental Device [42, 39]. This chapter describes 

the design and construction aspects of the experimental device. The diagnostics that has been 

developed to measure plasma parameters and carry out wave experiments is described. The 

diagnostics include Langmuir probe for measurement of plasma density, temperature, plasma 

potential, floating potential and EEDF, emissive probe for direct measurement of plasma 

potential, rack probes for measuring fluctuations in plasma, ion acoustic wave exciter and 

detector, Langmuir wave exciters and high frequency receiver probes.      
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3.1 Magnetized Linear Plasma Device (MLPD) 

The design and construction aspects of magnetized linear plasma device are as follows. 

3.1.1 Plasma production  

Plasma is produced by electron impact ionization of the neutral gas. Schematic illustration of 

the plasma production method used in MLPD is shown in Figure 3.1.  A two dimensional 

array of joule heated filaments is mounted on the axial end flange of the source chamber. The 

primary electrons emitted by the filaments stream along the magnetic field lines from the 

source to subsequent uniform high magnetic field region and ionize the gas. Loss of charged 

particles on the axial end flange on the source side is limited by lining its walls with 

permanent magnets in line cusp configuration [75]. In order to prevent local rise in the 

pressure due to outgassing from the permanent magnets [75], the permanent magnets are 

mounted on blind slots milled on the surface of this flange from the air side as shown in 

Figure 3.2. Two NdFeB (Neodymium Iron Boron) magnets of 6 mm height and 10 mm width 

are placed on top of each other. The surface field of each permanent magnet is ~ 3.5 kG. The 

distance between the magnet surface and the vacuum wall is 6 mm. The center-to-center 

separation between two adjacent line of magnets placed in the cusp configuration is 4 cm. 

NdFeB magnets are chosen because of their low price and high coercive force. The curie 

temperature of the magnets is 3120C and the maximum operating temperature is 800C. 

Because of their low operating temperature the end flange is actively cooled by passing cold 

water in alternate slots as shown in Figure 3.2. The flow rate is maintained at 

100 " ���% ��� � $�� for effective cooling. This number is arrived at by thermal simulation 

in ANSYS software. 
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Figure 3.1 : Schematic illustration of the plasma production method used in MLPD. Joule 
heated filaments are located in the low magnetic field region followed by a subsequent high 
magnetic field region. 

 

The multi-filamentary source consists of 48 filaments arranged in the form of a matrix. The 

filaments are attached to rectangular frames, which are supported inside the vacuum vessel 

using in-house developed water cooled current feed-throughs. All the filaments are 

electrically connected in parallel and are powered by a 500 Amp, 20V power supply and 

negatively biased by a 128V, 25A DC power supply for regular operations. The electrical 

connections are shown in the Figure 3.2. The filament to filament separation is 2 cm, which is 

less than twice the Larmor radius of the primary electrons near the filaments. There are 

provisions in the source to reduce the filament separation to 1cm if operational requirement 

demands. The filaments (tungsten wires of purity 99.95%, 0.125mm diameter and length 6 

cm) are placed at a distance of 21.3 cm from the inner wall of the end flange, where the 

magnetic field due to the permanent magnets is few gauss only. The voltage drop across the 

filaments is ~ 6 V and the heating current for each filament for daily operation is maintained 

at ~ 2A.  
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Figure 3.2: (a) Diagram of the plasma source flange showing its features. (b) Schematic of 
the plasma source showing the electrical connections. 

 

3.1.2     Vacuum Vessel 

The cylindrical vacuum vessel of MLPD, made of stainless steel SS304. It is 2.72 m and 

consists of two parts: a) Source chamber, and b) Main plasma chamber.  The schematic of the 

vacuum vessel is shown in Figure 3.3.  

The source chamber which houses the multi-filamentary plasma source is 0.5 m long and 0.5 

m in diameter. It has four orthogonal side ports, each 155 mm in diameter and located 

midway between the two ends. C channels are welded on the surface of this chamber for 

passing chilled water for cooling during operation.  

The main chamber is 2.22 m long and 161 mm in diameter. It consists of 5 smaller sub-

chambers of varying lengths bolted serially. The first sub-chamber is the longest, 850 mm in 

length, whereas the others have smaller but similar lengths, namely, 360mm, 300mm, 264mm 

and 296 mm. The fifth chamber has a Tee section for connecting a vacuum pump. There are a 

total of 17 radial ports of different inner diameters welded at various axial locations and 

(a) (b) 
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distributed azimuthally 900 apart. The eight ports in the first sub chamber are the largest in 

diameter (90 mm) and they are to be used for introducing three-gridded exciter for exciting 

waves in the plasma.  

 

 

Figure 3.3 : Schematic of MLPD   

 

The first four of the above five sub-chambers can be electrically isolated from the rest of the 

device and made to float or biased as per the needs of the experiment. There is provision for 

attaching an electrically isolated mesh to the 20 mm thick adapter flange between main 

plasma chamber and source chamber. This mesh may be biased to alter the downstream 

plasma parameters. The sub-chambers of the main chamber may also be biased with respect 

to one another as per requirements of the experiment.   

Two high vacuum pumps are being used to pump the vacuum vessel. One 700 l/s (un-baffled 

speed) diffusion pump is connected to the source chamber. The second pump, a 1000	"/% 

diffusion pump, is connected to the fifth sub chamber at other end of the system. Both 

diffusion pumps are isolated from the vacuum system by butterfly valve.  Pressure is 
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measured by three gauges, two Instrutech make hot cathode ionization gauge (IGM 401 

hornet) and one Pfeiffer made cold cathode gauge (model no. IKR 251). All the gauges are 

placed away from the high magnetic field region using a suitable extension to reduce the 

stress on the filament due to the magnetic field. The base pressure achieved in the system in 

absence of the plasma source is 1) 10+¨�<!�. Gas is fed to the system in a controlled 

manner using Pfeiffer make gas dosing valve (model EVN 116) located near the source 

chamber.  

The whole vacuum system is mounted on a non-magnetic stand made from aluminum square 

bars. The KF (Klein Flange) clamps used in the system are also non-magnetic in nature. 

Differentially pumped vacuum feedthroughs are used for inserting probes in the vacuum 

vessel.   

 

3.1.3 Magnet System 

The magnet system of MLPD is designed to deliver a flat top axial magnetic field in the main 

chamber over a distance of 1.4 �. The magnetic field is to be varied from 0 − 200 =. The 

low ripple in the main chamber is achieved by placing the electromagnets magnets with 

center to center spacing less than the inner radius of the magnets. The width of the magnets is 

optimized to have enough space between the magnets for placing the diagnostics. The 

electromagnets magnets are 10.2 cm wide with inner diameter and outer diameter, 42 cm and 

55.5 cm, respectively, and center to center spacing between consecutive regular magnets is 20 

cm. The separation between last two regular magnets at either end is 2.8 cm. The material 

selection for the fabrication of the magnets and process employed to construct it are 

specifically chosen to minimize the cost and time of production. Poly Vinyl Chloride (PVC) 

coated copper wires of 16 sq mm conducting cross-sectional area are wound over a PVC pipe 

of 42 cm outer diameter, which is supported at both ends by rectangular hylam blocks 
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(80.5 �� ×  86 ��) of 0.9 cm thickness. Each magnet has 77 turns. The magnets are air 

cooled and can be easily operated for 30 minutes with any damage due to temperature rise. 

 The magnets were designed using the freely available Poisson Superfish Code [81]. Figure 

3.4 shows axial variations of magnetic field at three radial locations, measured using a Hall 

probe. The ripple in magnetic field in the axial direction in the flat top region is ∼1%. 

 

 

Figure 3.4 : Variation of axial magnetic field with distance at three radii. 

 

A picture of the fully assembled experimental device consisting of the plasma source, 

vacuum vessel and magnet system is shown in the Figure 3.5.  



 

64 
 

 

Figure 3.5: Picture of Magnetized Linear Plasma Device 
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3.2 Inverse Mirror Plasma Experimental Device (IMPED) 

 

The Inverse Mirror Plasma Experimental Device is designed and fabricated for the 

experimental studies of waves and instabilities in collisional and collisionless plasma in the 

presence of magnetic field. The device has been developed with significant inputs from the 

experience gained during experiments in MPLD. Primary goal of IMPED is to meet the 

experimental requirements of the proposed wave studies as described in chapter 2 at the same 

time have enough operational flexibility for investigating other waves and instabilities like 

drift, Kelvin-Helmholtz and Rayleigh-Taylor instabilities.    

Major upgrades were performed to make the Inverse Mirror Plasma Experimental Device. 

Some of the upgrades include replacement of the old air cooled magnets with the new steady 

state water cooled high magnetic field (2.4 kG continuous operation) electromagnets. The 

new magnet system has novel features for enhancing the plasma parametric space available 

for wave experiments which will be discussed in details later. The design and construction of 

upgrades are described below. 

3.2.1 Plasma Source 

A two dimensional array of joule heated filaments biased negatively with respect to the 

vacuum vessel is used to produce plasma in IMPED. As a part of the upgrade the dimensions 

of the filament holding structure is increased to accommodate 90 filaments instead of 48 

filaments that were used to produce plasma in MLPD. The filaments are arranged at 2 cm 

spacing, the holding system can also accommodate filaments arranged at 1 cm separation if 

the requirement arises.        
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3.2.2 Vacuum Vessel  

The length of the vacuum vessel is increased as a part of the upgrade. A new cylindrical 

chamber is added between the exiting source and the main chamber. This is done to increase 

the distance between the plasma source and the high magnetic field region of the main 

chamber. As the increased length between the source and main chamber will enable the user 

to decrease the magnetic field from high values in the main chamber (~1.2 kG) to low 

magnetic field values (< 60 G) the near plasma source slowly enough such that adiabatic 

invariance of the magnetic moment of the gyrating charge particles moving from source to 

main chamber is maintained. 

The new cylindrical chamber is called the source extension chamber. It is 0.62 m long and ~ 

0.346 m in diameter. The source chamber extension has three sets of 40KF radial ports 

located at three axial locations. Each set consists of three radial ports at 900 apart azimuthally 

with no ports on the bottom side.  The source chamber extension is attached to the source 

chamber at one end and main chamber at the other end by water cooled adapter flanges. 

Provisions are made for attaching electrically isolated mesh on both the adapter flanges. The 

mesh may be biased to alter the downstream plasma parameters.  

The length of the upgraded experimental device named IMPED is 3.38 m. The schematic of 

the cylindrical vacuum vessel is shown in the Figure 3.6. 
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Figure 3.6 : Schematic of IMPED 

 

Three high vacuum pumps are being used to pump the vacuum vessel. Two pumps, one 700 

l/s (un-baffled speed) diffusion pump and one 200 l/s turbo molecular pump (Pfeiffer made 

Model no. TMU 261 Y P), are connected to diametrically opposite ports of the source 

chamber. The turbo molecular pump (TMP) is connected in an inverted position by an I-

section as shown in the Figure 3.6. The long I section has been used to ensure the value of 

ambient magnetic field near the turbo molecular pump to be less than 60 G. The third pump, 

a 500 l/s diffusion pump, is connected to the fifth sub chamber at other end of the system. 

The base pressure achieved in the system in absence of the plasma source is 1.3 )
10+¨	�<!�, whereas with the plasma source attached it becomes 2 ) 10+¨	�<!�.  

3.2.3 Magnet system 

The magnet system has been designed keeping in mind the multi-filamentary plasma source, 

magnetic field requirement for wave studies, maximizing diagnostic access while minimizing 

ripple in the magnetic field both in the radial and axial directions (6®/®	 h 	1%) in the 
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uniform magnetic field region of the main plasma chamber. The multi-filamentary plasma 

source requires the magnetic field near the filaments to be kept below  38 G whereas the 

experimental flexibility demands a magnetic field variable in the range of 50 G to 1.2 kG in 

the main plasma chamber to enable changing electron cyclotron frequency ( ) from less 

than to greater than plasma frequency ( ). This variation should be independent of the 

magnetic field in the source chamber for greater controllability of plasma parameters in the 

system. The mechanical holding system must be flexible enough to allow the user to change 

the location of the magnets in order to achieve different geometrical configuration of the 

magnetic field. The magnet system should be able to produce steady state magnetic field to 

avoid dynamic stress related problem to all mechanical components and to reduce the 

demand on plasma diagnostics. The magnet system should be able to produce a high uniform 

magnetic field (~ few kG) such that other plasma sources like an alkali plasma source may be 

used in the future if the experiment demands.     

With the above conditions in mind, the magnet system of the IMPED has been primarily 

designed with the help POSSON SUPERFISH [81]. The results of the POISSON 

SUPERFISH code are shown in Figure 3.7. The figure represents the variation magnetic field 

in the RZ plane. A total of ten magnets with NI = 1800 Amp turns are needed for producing 

an axial uniform magnetic field of value 1.1 kG extending over a length of 1.3m. These 

magnets termed as regular magnets placed coaxially around the main plasma chamber as 

shown in Figure 3.6. The successive regular magnets are separated by 9.5 cm, allowing 

enough space for diagnostics. Inner diameters of the magnets are kept at 42 cm. 

Larger diameter coils could have given better uniformity in the main chamber, however, it 

would have added to the cost. The outer diameter and width of the regular magnets is 64.5 cm 

and 10.5 cm respectively. The last two regular magnets at either end of the main plasma 

ceω

peω
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chamber are separated by 2.5 cm. This is done to extend the uniform region in the axial 

magnetic field region in the main chamber. The other two types of electromagnets, namely 

the extension and compensation magnets are used to maintain the magnitude of the magnetic 

field near the emitting filaments at permissible values irrespective of the magnetic field in the 

main plasma chamber. The inner diameter and width of all the 4 coils are 64 cm and 4.5 cm 

respectively, while the outer diameter of the extension and compensation coils are 74.8 cm 

and 72.4 cm respectively.   

The name of the system is derived from the magnetic field profile as shown in Figure 3.7. It 

is seen that the magnetic field profile extending from the main plasma chamber to the source 

chamber resembles an inverse of a magnetic mirror configuration. 
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Figure 3.7 : (a) 2D color map of the simulated magnetic field showing the variation in the RZ 
plane.  (b) Profile of the magnetic field produced by the regular magnets. The length of the 
arrows is proportional to log|B| (c) Variation of the magnetic field along axis.  All the three 
figures are for NI = 18000 amp-turns in the regular magnets. The current in the compensation 
and the extension magnet is zero. 
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3.2.3.1 Choice of conductor and magnet fabrication  

The choice of the conductor for fabricating the magnets involves several trade-offs. First, one 

has to choose the conducting material to be used for making the magnets. Generally copper is 

used to make magnets for generating magnetic fields of value few ~ kG. This is so because 

copper magnets cost less to fabricate compared to its other counter parts like super 

conducting magnets. The magnetic field produced by a magnet is directly proportional to the 

total current �¯°� flowing through it. Hence large currents must be driven by large power 

supplies to generate high magnetic fields. This will lead to generation of heat which must be 

dissipated by cooling the system. If the heat is not dissipated, the conductor temperature will 

rise as a result the resistance of the magnet will increase, requiring higher voltage to drive the 

same current. If the rise in temperature is not checked and the temperature rises beyond the 

maximum operating temperature of the materials used to make the magnet, the magnet may 

get damaged permanently. One of the most effective ways of cooling a current carrying 

conductor surrounded by other current carrying conductors is to pass liquid coolant like cold 

water through it. Hence a channel for water cooling is an additional requirement. The 

conductor material must be soft enough to be bent to form coils. Two variants of coper was 

considered for the fabrication of the magnets, electrolytic tough pinch (ETP) grade and 

Oxygen free High conductivity (OFHC) copper. ETP copper was selected for magnet 

fabrication because of its low price and local availability. OFHC copper do have a higher 

conductivity, (101% International Annealed Copper Standard) [82]  compared to ETP grade 

[82] (100% IACS), but 1% reduction in conductivity is tolerable compared to significant 

price difference between the two grades of copper. Circular cross-section annealed copper 

tube of inner and outer diameter 8mm and 5 mm respectively is chosen for fabrication of the 

magnet coils. This dimension of copper tube is regularly used in the industry hence it is cheap 

and locally available, and annealed copper tubes are soft enough to be bent to form coils. 
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The magnets coils are made by fabricating sub coils in the form of double pancakes first and 

then the fabricated double pancakes are assembled to make the magnets that are to be used 

for the experiments. The coils were fabricated in-house with a 1.2 m diameter turn table 

having a motorized feed arrangement shown in Figure 3.8. The frequency of the turn table 

can be varied from 0.1 Hz to 5 Hz as per requirement. Winding was done on a steel bobbin 

placed on the turn table having a diameter equal to the inner diameter of the magnet being 

fabricated. For electrical insulation, the copper conductor was first wrapped around by double 

layer of 1 mil thick kapton tape, then by double layer of 0.25 mm thick cotton tape. Insulating 

and winding were done simultaneously with the help of motorized feed. Finally, after the 

completion of the winding, one double layer of cotton taping was given throughout the 

pancake. Two copper blocks of dimensions 80 × 60 × 15 ��+, were brazed on the two 

leads of each pancake for electrical connections whereas two brass nozzles were brazed at the 

ends of the lead for water connection. Each pancake was then subjected to several tests for 

interlayer insulation, high voltage withstand, water path blockage, water pressure withstand 

cum leakage and resistance measurement across the two leads of the pancake before applying 

epoxy to provide extra insulation and mechanical strength. The finished pancakes were 

assembled together to make required magnets.  Regular magnets were made by assembling 

five double pancakes and extension and compensation magnets were made by assembling 

two double pancakes coaxially.  
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3.2.3.2 Magnet cooling consideration 

 

The magnet coils are cooled by passing demineralized water at 20P� through the magnets at 

5 bar pressure. Such high pressure ensures the water flowing through the tube in the turbulent 

regime for better heat transfer coefficient between the water and the conductor surface. The 

flow rate of the water through the system is about 100 litre per minute and the inlet water 

temperature is maintained at 200C for effective cooling.   

 

 

Figure 3.8: Machine for fabricating the double 
pancakes 
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3.2.3.3 Testing of the magnet system 

The magnetic field extending from the main plasma chamber to the source chamber is 

measured using a gauss meter with a Hall probe. A comparison of the measured and 

simulated magnetic field as shown in in Figure 3.9 exhibits a remarkable agreement. The 

magnet system produces a flat top field over a distance of 1.3 m; in the main  chamber. The 

variation of the magnetic field in the chamber is ~ 0.7% in the axial direction and ~0.46% in 

the radial direction.  The magnet system is powered using four sets of magnet power supplies; 

this is done to enable magnetic field of different configurations in the system. By varying the 

currents in different coils one can produce different magnetic field gradients at different 

locations in the system.  

 

Figure 3.9: Comparison of the simulated and experimentally measured data (a) Variation of 
the axial magnetic field along the axis. (b) Variation of the axial magnetic field along the 
radius 

 

3.2.3.4 Magnet support structure and final assembly  

The support structure is designed with emphasis given to make it simple, quite flexible in 

placing the coils, making all the diagnostics ports very much accessible and, most 
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importantly, economical. The magnets are mounted on a stainless steel stand that can be 

placed on the aluminium stand used for holding the vacuum system. Unlike the hylam 

support used for magnets in MLPD, this stainless steel stand allows for greater spacing 

between the magnets. Figure 3.10 shows a completed regular magnet coil consisting of five 

double pancakes resting on the stainless steel magnet holding stand. The smooth bottomed 

magnet holding (MH) stand can easily be slid on the aluminium stand thus enabling the user 

to easily change the position of the magnets if necessary. The slots at the bottom of the MH 

stand are used for bolting it to the aluminium stand thus locking the position of the magnets. 

The two rectangular blocks with holes on either side of the MH stand is used to pass guiding 

rods which is helpful in arranging the magnets coaxially. It must be emphasized that no 

magnetic material has been used in the magnet assembly or in the assembly of the vacuum 

vessel.  

 

 

 

 

A picture of the fully assembled experimental device is shown in Figure 3.11. 

  

Figure 3.10 : (a) Picture of a double pancake after application of varnish. (b) Picture of a 
finished regular magnet made by joining five pancakes together. (c) Magnet holding 
structure. 
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Table 1 : Magnet system description 

 Regular magnet Extension 
magnet 

Compensation 
magnet 

Location Coaxially around 
main chamber 

Coaxially around 
source chamber 
extension 

Coaxially around 
source chamber 

Inner Diameter 42 �� 64.5 �� 64.5 �� 

Outer diameter 64.5 �� 74.8 �� 72.4 �� 

Length along the 
axis 

10.5 �� 4.5 �� 4.5 �� 

No. of turns 120 ��$% 20 ��$% 16 ��$% 

Resistance 114 �Ω 24.8 �Ω 19.6 �Ω 

Total number of 
magnets 

10 2 2 

Power supply Magnets are 
powered by four 
power supplies 

1. 40V/250 A 
(2 magnets) 

2. 60V/167 A 
(3 magnets) 

3. 60V/167 A ( 
3 magnets) 

4. 40V/250 A 
(2 magnets ) 

Each magnet 
separately 
powered by 32A / 
30 V power 
supply 

20 V / 250 A power 
supply is used to 
power both magnets 
connected in series.  

 

For independent 
operation 32V/60A 
power supply is used. 
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Figure 3.11: Picture of Inverse Mirror Plasma Experimental Device (IMPED). 
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3.3 Plasma Diagnostics 

3.3.1 Langmuir probe 

A Langmuir probe [83] is one of the oldest and most widely used diagnostic tools for 

measuring plasma parameters. A Langmuir probe in its simple form consists of a bare wire 

that is inserted in the plasma. The wire is biased with respect to a reference electrode or a 

grounded vessel and the current collected by the probe corresponding to each biasing voltage 

is measured. The variation of the probe current with respect to the biasing voltage is termed 

as the I-V characteristics.  

 

Figure 3.12: Typical I-V characteristics obtained in IMPED at high density. 

  

Figure 3.12 shows a typical I-V characteristics. The electron current collected by the probe 

has been considered to be positive and the ion current negative. 2� is the potential of the 

plasma with respect to the probe reference which in this case is the grounded vessel. When 

the probe is biased at plasma potential, there is no electric field between the probe and the 
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plasma. Electrons and ions impinge on the probe surface with their thermal velocities. The 

electron flux to the probe is much higher than the ions owing to the lower mass of the 

electrons ��
 ≪ �A�  and higher electron temperature �5
 > 5A� . As a result the current 

collected by the probe is predominantly electron current. If the probe voltage is increased 

above the plasma potential a sheath is formed around the probe and the sheath electric field 

attracts the plasma electrons entering the sheath to the probe. The probe current slowly 

increases on increasing the probe potential above the plasma potential as shown in the region 

A of Figure 3.12. This is because of the sheath expansion of the around the probe resulting in 

an increase in the collecting area.  

Decreasing the probe potential, 2	D < 2	 , the probe is now negative with respect to the 

surrounding plasma and increasing fraction of the impinging electrons is reflected from the 

negative potential (Region B). Eventually the potential is sufficiently small to reduce the 

collected electron current to small fraction of its saturation value. The total probe current is 

zero when the electron current is equal to the ion current  �°
 � °A� at the floating potential 2B. 

Decreasing the potential further, entering the region C, eventually all the electrons are 

repelled and only ion current is collected by the probe. The ion current varies very slowly 

with the probe potential and this region is termed as the ion saturation region.       

Over the years different Langmuir probe theories have been developed to interpret the I-V 

trace of the Langmuir probe for determination of the plasma parameters under a wide variety 

of operating conditions.  The various ranges of  |³/�	,  |/�	 and |/|³ determine the well-

known domains of operation, where �	 is the probe radius, |³ is the debye length which is a 

measure of the sheath thickness and | is the mean free path. These limits are illustrated in the 

three dimensional diagram �	 − |³ − | diagram shown in Figure 3.13. 
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Figure 3.13 Three dimensional diagram illustrating various probe-operation regimes, probe 
radius (rp), Debye length (λD) and mean free path (λ) [84] 

 

 From the Figure 3.13 one can identify six different probe regimes that could be divided into 

two domains depending on the magnitude of Knudsen number, ©@ � |/�	.  

A. ©@ ≫ 1 : Classical Langmuir probe 

a. | ≫ �	 ≫ |³: thin sheath limit 

b. | ≫ |³ ≫ �	: orbital limit thick sheath 

c. |³ ≫ | ≫ �	: collisional thick sheath 

B. ©@ ≪ 1 : Continuum Electrostatic probe 

a. �	 ≫ |³ ≫ | : collisional thin sheath 

b. |³ ≫ �	 ≫ |: collisional thick sheath 

c. �	 ≫ | ≫ |³: collisionless thin sheath 
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Most of the probe theories are asymptotic in one of the three parameters, |, |³ !$# �	, and 

the domains of the applicability reside inside in one of the shaded areas of Figure 3.13 .  

Condition ©@ ≫ 1  represents the classical Langmuir probe regime, The sheath may be 

collisionless (A- 1, A-2) or collisional (A-3) depending on the relative magnitudes of | and 

|³. The ©@ ≪ 1 represents the condition where probes are always collisional relative to the 

gas (continuum flow) but for which the sheath may or may not be collisional depending on 

the relative magnitudes of | and |³. In addition there are transitional domains represented by 

the diagonals.      

Several Langmuir probe theories have been developed to extract plasma parameters like 

plasma density from the I-V curve in different domains operation. For example in the 

collisional thin sheath regime (B - 1) density can be determined from the ion current collected 

by the probe using the theory of C.H. Su and Kiel [85]. In the collisionless thin sheath regime 

(A-1) density can be determined from ion saturation current using the Bohm velocity. 

Similarly there are theories for operation in in continuum collisional thick sheath regime [86] 

(B – 2), collisionless orbital thick sheath limit [83] (A – 2) etc. In addition to the domains of 

operation described above there are number of other regimes of operation where Langmuir 

probe is used, notably magnetized plasmas [87, 88], turbulent plasmas [89, 90] etc. There are 

a number of monographs and review articles on Langmuir probe some of which are given in 

ref [91, 92, 93, 94, 95, 96]. There is no general theory for interpreting I-V characteristics for 

all operating conditions. Actually, the probe theory by which the plasma parameters are 

estimated depends on the shape of the probe, collision mean free path of the species, 

dimensions of the probe, Debye length, Larmor radius etc.  
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3.3.1.1 Single Langmuir probe in quiescent collisionless plasma 

The usage of single Langmuir probe for measurement of plasma parameters in IMPED and 

MLPD is limited to quiescent collisionless quasineutral plasma. The earliest probe theory for 

determination of plasma parameters in a quiescent collisionless plasma using a Langmuir 

probe was proposed by Mott-Smith and Langmuir in 1926 [83].  They considered particle 

orbits within the space charge sheath surrounding a spherical or cylindrical probe in the 

collisionless regime; the probe current is limited only by the angular momentum of the 

orbiting ions. For this theory to be applicable the probe sheath must be much larger than the 

probe radius. The potential variation 2��� inside the sheath has to be gentle enough that there 

is no “absorption radius” and the particles hit the probe at grazing incidence. This may not be 

the case in laboratory plasmas. An “absorption radius” might exist, outside the probe, such 

that the particles which cross it are destined to hit the probe [97].   

  In 1957 Allen, Boyd, and Reynolds (ABR) [98] derived a relatively simple differential 

equation which could be solved to give 2���, for all r without division into sheath, presheath 

and plasma regions. However, this theory was only for spherical probes and only for 5A � 0, 

so that ions moved radially into the probe and there was no orbital motion and the absorption 

radius was at infinity. Chen [99] later extended the 5A � 0 calculation to cylindrical probes. 

The first probe theory which accounted for both sheath formation and orbital motions was 

worked out by Bernstein and Rabinowitz [100] , who assumed an isotropic distribution of 

monoenergetic ions. The theory is further refined by Laframboise [101], who extended the 

calculations to a Maxwellian ion distribution at temperature 5A. He presented the results as a 

tabulation of parameter ‘ ’ such that  

 °	 � �T	$P��5
 2K�A⁄ �:/H �2	 �5
⁄  , �	 |³⁄  , 5A 5
⁄ �  (3.1) 
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where 2	 the probe is potential with respect to the plasma, °	 is the probe current, T	 is the 

probe area, $P is the plasma density, �A is the mass of the ion, 5
 is the electron temperature, 

5A  is the ion temperature and � is the Boltzmann constant. Laframboise theory is applicable 

for a wide range of ratios of probe radius to Debye length ��	/|³
�, a complete range of ion 

to electron temperature ratios �5A/5
�, and have been experimentally verified in a variety of 

conditions [102, 103, 104].  

3.3.1.1.1 Density determination  

Since Laframboise theory is the most complete theory for cylindrical Langmuir probes and 

has a wide range of validity, we shall use Laframboise theory for density determination. 

However, use of Laframboise theory involves a lot of delicate computations and is not easily 

applied to experimental measurements. Several approximate fits to Laframboise’s results 

have been made. Most notably by Kiel [105], Peterson and Talbot [106], Steinbr̀chel et. al. 

[107, 108, 109], Mausbach [110] and Chen [111]. The fitting formulas of Kiel and Peterson–

Talbot are not accurate for �	/|³ < 5, hence they are not used to determine the density in our 

case. The analytical expression used by Steinbrüchel et. al. and Mausbach to fit the numerical 

results of Laframboise is not accurate for large values for  �	/|³ , say �	/|³ � 80. Hence not 

used for density determination. The fitted formula of Chen has a wide range of validity from 

0 < �	\|³ < 100. Hence has been used for density determination. 

The fitting formulas as suggested by Chen are as follows 

 1°∗ = 1�T·�  + 1��·³�  (3.2) 

    Where · ≡ ·	 ≡ − 
�¹º�+¹»�¥¦§�    and °∗ = ¼�¼½ = ¼�
@½¾º r ¥¦§�H¿E�s+:/H 
, 2	D  and 2� are the probe 

potential and the plasma (space) potential with respect to the reference electrode. 
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The parameters A, B, C and D in (3.2) are given by the following expression.  

 T � ! +  11<À' − 1# ln vÀ�w
  

®, Â = ! + <À' exp�−#ÀB� 
� = ! + <À+' 

 

 
(3.3) 

where À = �	/|³. The coefficients !, <, � !$# #  in (3.3) are given in Table 2, 

Table 2 : Coefficient for calculating ABCD��� for all � 

 a b C D f 

A 1.12 0.00034 6.87 0.145 110 

B 0.50 0.008 1.50 0.180 0.80 

C 1.07 0.95 1.01 - - 

D 0.05 1.54 0.30 1.135 0.370 

      

 

In addition to cylindrical Langmuir probe plasma density has also been measured with planar 

probe. In case of planar probe the thin sheath condition  �	/|³ ≫ 1 gets more easily satisfied, 

in such a case one can assume that the probe collecting area is equal to the physical probe 

area. When 5
 ≫ 5A , the velocity of the ions in the sheath is given by Bohm velocity . =
��5
/�A. For a probe biased in the ion saturation region such that all the electrons are 

repelled and the probe only collects ions, the ion saturation current is given by  

 °AC@�o} = 0.61�$PT	��5
�A   (3.4) 
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For densities where the thin sheath assumption is no longer valid, one will have to consider 

the increase in the effective collecting area �T
BB� of the probe at large negative voltages due 

to sheath expansion for density determination. Sheridan [112] derived from his numerical 

simulation that of the ratio of the effective collecting area to the physical probe area �T	� can 

be expressed as 

 T
BBT	 � 1 + !·Å (3.5) 

The fitting parameters ‘! ’ and ‘ < ’ in (3.5) are given ! = 2.28�À�+P.3 �  and < =
0.806�À�+P.P¨�H. 

Other symbols have their usual meaning. The expression given in (3.5) is valid for 10 < À <
45 and 5 < · < 30. 

Since the ion current is proportional to the collection area, the ‘corrected’ ion current �°A 'CDD� 

in which the sheath effect is removed, can be calculated from the ‘measured’ ion current 

�°A E
o��. 

 °A 'CDD°A E
o� = T	T
BB 
 

     °A 'CDD = °A E
o�1 + !·Å (3.6) 

The density has been estimated from °A 'CDD using °A 'CDD = 0.61�$PT	��Å5
/�A. 
3.3.1.1.2 Electron Temperature 

The plasma temperature is determined from the exponential electron repelling region of the I-

V characteristics. In a Maxwellian plasma the electron current collected by the probe for 

probe potential less than the plasma (space) potential is given by  
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 °
 � °
P�M� ~9 ��2� 9 2	D��5
 �                                                   2	D ≤ 2� (3.7) 

Where °
P is called the electron saturation current. It is given by °
P � :  �$P.}/
T	 . Other 

symbols have their usual meaning.   

Taking logarithm on both sides of expression (3.7) one gets  

 "$°
 � "$°
P − �2��5
 Q �2	D�5
 
"$°
 � �2	D�5
 Q v"$°
P − �2��5
w 

 

Thus one gets an equation of a straight line with the magnitude slope given by �/©5
 when 

"$°
 is the dependent axis and 2	D is the independent axis. Hence plasma temperature can be 

determined from the slope of the linear region of "$°
 .% 2	D  plot corresponding to the 

exponential region of the I-V characteristics. 

3.3.1.1.3 Determination of EEDF  

Knowledge of the electron distribution function is important for getting a better 

understanding of different phenomena. In particular ��.� is important for kinetic theory and 

��R�  is important in consideration of particle confinement by electrostatic potentials, 

where R � :H �.H. For a large planar probe the derivatives of the electron current with respect 

to the probe bias ̂°
/^2	D  and ̂ H°
/^2	DH  are proportional to ��R�. But when non–semi–

infinite planar probes are used ^°
/^2	D  is no longer proportional to ��R�. For any arbitrary 

convex probe geometry when the distribution function is isotropic and for anisotropic 

distribution functions with spherical probes, the distribution function is proportional to the 

second derivative of the probe current with respect to probe bias �2	D�.  
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 ^H°
^2	DH � 2K�,T	�
H ��R�|Çz
�¹º+¹º��

�   14 T	�H � 2��
�2	 − 2	D��:/H �È�R�|Çz 
�¹º+¹º�� 

 

(3.8) 

In our experiments we have determined distribution function from the second derivative of 

the electron current at lower values of magnetic field when the probe radius �	 ≲ ��
.  

3.3.1.1.4 Additional species of electrons in a filament plasma 

In low pressure filament discharges the electron distribution function is a sum of two 

Maxwellian distributions, a cold distribution which correspond to the temperature of the bulk 

plasma 5
  and a hot electron distribution corresponding to temperature 5
¥ .  The electron 

current collected by the probe in the electron retarding region can be written as shown in  

(3.9). 

 °
 = °¥
 �M� É− 
�¹»+¹º��¥¦§�Ê Ë + °
P exp É− 
�¹»+¹º��¥¦§� Ë          2	D ≤ 2�  

 

(3.9) 

At very low pressures at ≤ 10+; �<!� in multidipole devices the primary electrons confined 

by the surface magnetic field and bounce many times before they ionize the neutral gas. Due 

to several bounces the primary electrons becomes isotropic with energy �	 . The primary 

electrons form a shell in velocity space at a speed .	 = �2�	/�
. The three dimensional 

distribution function can be approximated as ��.� = $	 Ì�Í+Íº� ¿ÍºÎ . 

The probe current due to primary electrons is then given by 

      ( Kinetic e )         (bulk e) 
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 °	
 � $	�T.	4  °	
C                                                2	D > 2� 
°	
 � °	
C �1 − 2��2� − 2	D��
.	H �,                   2� − 12 �
.	H� ≤ 2	D < 2	D 
°	
 = 0                                                                          2	D ≤ 2� − 12 �
.	H�  

 

 

(3.10) 

3.3.1.1.1 Floating potential  

The floating potential is defined as the bias voltage at which a probe draws no current. The 

floating potential of a conductor is determined by the balance of the electron and ion current 

to and from the probe. For a Langmuir probe inserted in the quasineutral Maxwellian plasma 

with 5
 > 5A, where planar approximation of the probe is valid i.e. �	 ≫ |³ , the condition for 

no net current collection is 

 °
P�M� ~− ��2� − 2B��5
 � = °AC@�o} (3.11) 

 "$ v°AC@�o}°
P w = ��2� − 2B��5
  
 

Since °AC@�o} = 0.6�$PT	�¥¦§�E�  and °
P = 0.25�$PT	�*¥¦§�¿E�    

 

∴               ln
ÐÑ
ÑÒ 6.1�$PT	��5
�A
0.25�$PT	�8�5
K�
 ÓÔ

ÔÕ = �2B�5
 − �2��5
 

 

After a little algebra one gets 
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 2B � 2� + v�5
� w "$ Ö0.6�2K�
�A × 
(3.12) 

For Argon plasma the relationship between 2B and 2�  

 2B � 2� Q 5.25
 (3.13) 

Where 5
 is in �2. 

In case of cylindrical probes, when the thin sheath approximation is not valid, the ion current 

collected by the probe at floating potential is no longer given by °AC@�o} � 0.61�$PT	�¥¦§�E�  . 

Thus expression (3.12) is no longer applicable. The floating potential of a cylindrical 

Langmuir probe was computed numerically by Chen [113], by considering the ion current to 

be given by the ABR theory, and the results were fitted to analytic functions. As per the 

fitting formulas of Chen, 2B − 2� is 3.7 – 4.6 times the temperature for Argon when �	/|³ is 

varied from 1 – 10. This is significantly less than the usual value of 5.2 for Argon. The reason 

is that the sheath thickness at 2B causes a cylindrical probe of a given area to collect more ion 

current and thus the sheath drop has to be lowered to permit more electron flow to satisfy the 

zero current condition.     

Presence of energetic electrons, e.g., primary electrons can make the floating potential of a 

probe more negative and the fitting formulas of Chen or expression (3.12) no longer holds. 

This is because in the presence of energetic electrons at floating potential the ion current has 

to balance the current due to energetic electrons in addition to the current due to bulk plasma 

electrons [93]. Thus the floating potential gets lowered such that the total electron current 

collected by the probe decreases sufficiently such that the ion current can balance it.  



 

90 
 

During our experiments in IMPED and MLPD we have monitored the difference between the 

plasma potential and floating potential and compared it with (3.12) and fitting formulas of FF 

Chen [113] to a first-hand information on the presence of faster electrons in the plasma.  

3.3.1.2 Effect of magnetic field on probe characteristics 

The presence of magnetic field alters the motion of electrons and ions in plasma. In the 

absence of magnetic field the electrons and ions particles move randomly in the plasma but in 

the presence magnetic field ions and electrons spiral around the magnetic field line with a 

radius, in the plane perpendicular to the field line, of �� � �./Ø®. The motion of the charged 

particles (electrons and ions) across the field is greatly restricted although motion along the 

field lines is similar to the magnetic field free case.  

The effect on magnetic field on the current collected by the probe is determined by the ratio 

of Larmor radius ���� to typical probe dimension ��	�. If this Larmor radius for both ions and 

electrons is much greater than the probe dimension, then the previous zero magnetic field 

results are recovered.    

The presence of magnetic field affects the motion of electrons more than ions because the 

Larmor radius of electrons is lower than that of the ions, owing the lower mass of 

electrons ���
/��A �  �5
�
/5A�A �. As a result the electron saturation current collected by 

the probe decreases on increasing the magnetic field because the electron motion is impeded. 

This is evident from the reduction in the ratio of electron to ion saturation current with 

increase in magnetic field. In case of unmagnetized plasma the ratio of electron to ion 

saturation for a planar probe in Argon plasma is 180, however in the presence of high 

magnetic field it can decrease to ~25.  
Often during experiments one encounters a moderately magnetized plasma where ��
 < �	 

but ��A > �	. In this case although the electron current is impeded by the magnetic field but 



 

91 
 

the electron current collected by the probe is governed by the thermal Boltzmann factor 

�$ � $Pexp ��2/�5
� in the region of the I-V curve away from the plasma potential and 

towards floating potential. The plasma temperature can be determined from the slope of the 

linear region of ln �°
 .% 2	D� for ��
 < �	 . This has been experimentally verified by many 

authors, for example Pierre et al. [80] in a magnetized plasma acquired I-V characteristics 

using a plane probe of collecting area greater than gyro radius. The measured the electron 

temperature from the semilogarthmic plot of electron current versus probe bias was found to 

be in good agreement with the velocity measurement of ion acoustic waves propagating along 

magnetized plasma column. Brown et al. [114] in a magnetized plasma obtained the electron 

temperature from the probe characteristics by a measurement of the logarithmic slope in the 

transition region on the I-V curve. They compared probe temperature measurements with 

temperature measured using a three gridded energy analyser and found that both results 

agreed within experimental uncertainty.  

For the case ��
 < �	 but ��A >> �	 the density can be determined from the ion current using 

the unmagnetized collisionless plasma theory. But for the case of strongly magnetized 

plasmas ���
 ≪ �	 and  ��A < �	) the ions moves along the field lines and the probe area is 

reduced to its projection along the magnetic field. Our experiments are confined to 

magnetized and moderately magnetized plasma. The Langmuir probe is always oriented 

perpendicular to the magnetic field. The temperature is measured from the linear region of 

the "$°
�
'}DC@ .% 2	D curve and the density is obtained from the ion saturation region ���A >
�	�.  

3.3.1.3 Construction of Langmuir probe  

Langmuir probes are fundamentally of three types according to its shape, spherical, 

cylindrical and planar probes. For measurements in IMPED and MLPD we have used 
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cylindrical and planar probes, spherical probes were not used because of difficulty in 

construction. The dimensions of the probe tip were decided on the basis of heat load on the 

probe due to the plasma, availability of theory for interpreting the probe characteristics, a 

good signal to noise ratio, minimization of the perturbation caused by the probe and required 

spatial resolution. Damage to the probes due to heat flux is avoided by making the probes 

from refractory materials like Tungsten and Molybdenum. Cylindrical probes of 

diameter	0.25	��, 0.5	�� and	1	�� and length 3	 to 6	�� are used to measurements. The 

radius of the planar probe used is	3	��. Probes of the above mentioned dimensions can 

easily withstand the plasma heat load in our operating range. Planar probe is used only for 

measurements in the low magnetic field region where the Larmor radius of the ions is greater 

than the probe dimensions. The presence of probe in the plasma perturbs the plasma locally 

thus to minimize the disturbance a small probe is preferred. A small probe also improves the 

spatial resolution. But a small probe reduces the probe signal which increases the signal to 

noise ratio. Hence the selection of probe dimension is trade-off between localized probe 

perturbation, spatial resolution and signal to noise ratio. For this reason cylindrical Langmuir 

probe of the above mentioned dimensions has been used for most measurements presented in 

this thesis. 

 

Figure 3.14: Langmuir probe assembly using differentially pumped feedthrough. All electric 
probes are introduced in the vacuum system through a differentially pumped feedthrough like 
the above. 
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Figure 3.14 shows the assembly of a single Langmuir probe. One end of the probe tip is 

brazed with copper wire for making electrical connections. The copper wire is soldered to a 

miniature coaxial cable and the other end of the coaxial cable is connected to a vacuum 

compatible BNC. The probe tip is held in position in the plasma by an ultrahigh vacuum 

(UHV) compatible ceramic tube which is connected to a metallic shaft. UHV grade ceramic 

is used to avoid local outgassing from altering the plasma parameters near the probe. Since 

the ceramic tube is an insulator, the disturbance caused by it is very small compared to the 

disturbance caused by a metallic tube of similar dimension. In IMPED and MLPD for radial 

radial probes only the ceramic tube and the probe tip is exposed to the plasma the metallic 

shaft is never exposed to the plasma. As far as the axial probes are concerned, the probe tip is 

separated from the metallic probe shaft by a 0.5 � long ceramic tube. The diameter of the 

metallic radial probe shaft is dictated by the requirement to prevent sagging of the probe 

shaft.  As far as axial probe is concerned a dogleg shape structure is used to hold the probe in 

position while the probe shaft rests on the surface of the vacuum vessel. The vacuum sealing 

is carried out using a differentially pumped feedthrough, this is used to prevent local rise in 

pressure inside the vacuum vessel during movement of the probe.     

 Figure 3.15 shows some of the Langmuir probes that are used in IMPED and that have been 

used in MLPD.  
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Figure 3.15: Different Langmuir probes that were made for measuring plasma parameters. (a) 
Radial cylindrical single probe 5 mm length and 0.5 mm radius, (b) Radial planar single 
Langmuir probe having radius 3 mm, (c) Axial cylindrical Langmuir probe with the holding 
ceramic structure in dog leg shape configuration, probe radius 1mm and length 5 mm, and (d) 
Axial planar single Langmuir probe having radius 3 mm. 

 

3.3.1.4 Langmuir probe measurement circuit 

The Langmuir probe measurement circuit in its basic form consists of a voltage source for 

biasing the Langmuir probe and a shunt resistance in series with the probe and the biasing 

power supply for measuring the probe current for different biasing voltage. The biasing 

power supply and the measuring resistance can be connected in two ways. In one case, one 

connects the Langmuir probe directly to a floating power supply which is connected to the 

vessel reference (ground) through a shunt resistance as shown in the Figure 3.16a. The 

disadvantage of this method is that the capacitance between the floating power supply and the 

ground will be so large that ac signals will be short circuited to the ground and the probe 

cannot be expected to have a good frequency response. The bias supply can also act as an 

antenna to pick up spurious signals. The spurious pick up can be avoided by housing the 

floating power supply and the measuring resistance in a single grounded metallic box. But 

this solution aggravates the capacitance between the floating supply and the ground. To avoid 

this one can ground the bias supply and place the measuring resistance on the hot side as 

shown in the Figure 3.16b. We have used this scheme in our Langmuir probe circuits.  
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Figure 3.16: Two ways in which a probe, current sensing resistor and biasing power supply 
can be connected. 

 

The Langmuir probe is biased by a triangular voltage waveform which is varied from 990	2 

to +	10	2. This high voltage bias is generated by a high voltage amplifier PA 85 with a 

function generator (Max 038/XR 2206) at its input. The probe current is measured by 

measuring the voltage drop across a resistance using an isolation amplifier. In some of our 

circuits we have used a galvanic isolation amplifier (AD215) and in the other circuits the 

current signal is optoelectronically transmitted (HCPL253) to the grounded data acquisition 

system. The current measuring resistance is varied from 50	Ω to 470	Ω. The wiring is carried 

out using coaxial cable with a grounded outer shield to reduce noise pick up. The Langmuir 

probe bias voltage is swept at a low frequency	~2.2	��. This is done to ensure that the 

displacement current between the central conductor and the outer shield of the coaxial cable 

is much less than the ion saturation current. This however reduces the temporal resolution of 

the measurement. But for measuring steady state plasma parameters high time resolution is 

not a necessary.  

For time resolved measurements at high frequency a specially designed Langmuir probe has 

been made using a triaxial cable with a driven shield. The effectiveness of the method has 

been illustrated below.  
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Figure 3.17: Three configuration in which a triaxial cable can be wired. A Belden make 
triaxial cable of length 1.2 m is used this experiment.  

 

A triaxial cable typically comprises of a central conductor and two coaxially placed outer 

shields isolated from each other. Figure 3.17a shows a triaxial cable and the capacitance 

associated with it. The effective capacitance between the inner and outer shield is given 

�:�H/��: + �H� . The capacitive current between the inner conductor and the outer shield can 

be reduced if the voltage drop across one of the capacitors can be reduced. By driving the 

inner shield(guard) with the same voltage as the inner conductor, the capacitive current 

between the inner conductor and the outer shield can be drastically reduced. We demonstrate 

this experimentally using a current measuring resistance and a function generator connected 

in series.  Figure 3.17 shows three configurations in which the triaxial cable can possibly be 

used experimentally.  In Figure 3.17a the inner conductor is driven while the outer shield is 

grounded and the middle shield floating. In Figure 3.17b the inner conductor is driven while 

the outer and the middle shield grounded. In Figure 3.17c both the inner and the middle 

conductor is driven while outer is grounded. The inner conductor is driven by a 6Vpp 1 MHz 

sinusoidal signal to determine the capacitive current in all three configurations. In case (a) the 
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effective capacitance between the inner conductor and the outer shield is a series combination 

of the capacitance between the inner conductor and the inner shield and the inner shield and 

the outer shield. In the second case the capacitance between the inner conductor and the inner 

shield is the effective capacitance as the outer and the inner shield is shorted ��
Ù~�:�. In the 

third case, since the inner shield is driven by the same potential as the inner conductor, the 

Δ2 between inner conductor and the inner shield tends to zero hence the capacitive current 

from the inner conductor to the driven guard (inner shield) tends to zero. Thus it may be 

expected that the capacitive current for the case (b) will be maximum followed by case (a). 

The capacitive current in case (c) is expected to be minimum. Our experimental results shows 

that capacitive current for case (a) is 2.5	�T, case (b) is 4.57	�T and case (c) is 10ÚT which 

agrees with the prediction.   

The Langmuir probe system for high frequency measurements uses a driven shield to reduce 

the capacitive current between the central conductor and the outer grounded shield. The 

circuit used is shown in the Figure 3.18.     

 

 Figure 3.18: High frequency Langmuir probe circuit. 
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3.3.1.5 Analysis of I-V trace of MLPD and IMPED plasma  

A code has been written in MATLAB for quick determination of the plasma parameters from 

a single Langmuir probe I-V trace. The electron temperature has been measured from the 

slope of the logarithmic the of electron current in the electron-retarding region, whereas the 

plasma density has been determined from the attractive-field probe current in the ion 

saturation region where the current is theoretically well defined. Measurements have been 

carried out iteratively. The code can be operated both in the automatic and semi-automatic 

mode. But considering the large density variation 10� − 10:H ��+, that can be attained in 

IMPED, most of the measurements were carried out in the semi-automatic mode. The 

difference between the automatic mode and semi-automatic mode lies in the identification of 

the linear region of the ln�°
�
'}DC@ .% 2	D�, which is done manually in the semi-automatic 

mode.  

The I-V trace evaluation procedure is described below: 

A. Step 1: The Langmuir probe data is loaded and smoothed to remove the digital noise. 

The smoothing procedure includes fitting a straight line in the sampled ramp voltage 

and generating the voltage data point from the equation of the fitted straight line. The 

acquired probe current was smoothed by using the Savitzy Golay technique. The first 

numerical value obtained from the probe characteristics is the floating potential 2B =
2	D �°	 = 0�. This is followed by the determination of the plasma potential �2�� from 

the maximum of the first derivative of the probe current. 

 

B. Step 2:  Removal of the ion current from the electron current. For that, first the ion 

current which varies weakly with the probe potential is subtracted from the probe 

current. This is done by making use of the linear dependence of the square of the 
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probe current on the probe potential [115]. °AH 9 2 tend to be linear over a large range 

of density [111]. The ion saturation part of I-V characteristics at sufficiently negative 

probe potential is fitted with the equation [116] °A � ��2� 9 2	D�:/H and extrapolated 

to °A � 0, where 2� is the plasma potential and C is a constant. The fitted curve is then 

subtracted from the total probe current to obtain electron current. In addition to fitting  

°A � ��2� − 2	D�:/H , the code also has the facility to fit a straight line [117] in the ion 

saturation region of the I-V characteristics and then extrapolate it plasma potential for 

obtaining ion current. The method of determination of ion current is user selectable.   

 

C. Step 3: The electron temperature is determined form the semi logarithmic plot of the 

electron current versus probe potential. The ln °
 .% 2	D plot has two distinct linear 

regions. A straight line is fitted in the region corresponding to the kinetic electrons to 

determine the temperature of the faster electron component. After subtracting [118] 

the contribution from the faster electron component from the electron current, a 

straight line is fitted in the linear region of °$ °
 .% 2	D corresponding to the bulk 

electrons to determine the bulk electron temperature.   

 

D.   Step 4: Initially a rough estimate of the density is made from the ion current in the 

ion saturation region using the Bohm formula. 

 °AC@�o} � 0.61$A/CE�T	��5
/�A  

 The ion current in the most negative probe potential is used to determine the density.  

 

E. Step 5: The total current to a cylindrical probe may be written as a summation of the 

current collected by the curved surface of the cylindrical probe °'?DÍ
� and the flat 
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°B�o} end surface of the probe. The current collected by the curved surface is estimated 

by multiplying the total current collected by the probe with the aspect ratio factor 

‘TD’.  

 °'?DÍ
� � °	TD � °	 2K�	"2K�	" Q K�	H � °	TD  (3.14) 

 

F. Step 6: Having a guess density from the Bohm formula in step 4, estimation of 

temperature from step 3, plasma potential from step 1. We evaluate the ion current 

collected by the curve surface of the probe for every probe potential in the ion 

saturation region using (3.3) and Table 2. For every experimentally measured probe 

potential in the ion saturation region, the probe current collected by the curved surface 

at that probe potential was determined for a range of densities spanning from $C/E/
20 to 5$C/E. The density corresponding to the estimated probe current that had the 

closest match to the measured probe current collected by the curved surface was 

determined. In this fashion values of density corresponding to each probe potential 

and measured probe current in the saturation region were determined.  For each of this 

density value the theoretical ion current is calculated as a function of probe potential 

from equation (3.3). The density corresponding to the ion current curve that has the 

closest match with the experimentally obtained ion current in the ion saturation region 

is determined by the method of least squares.  

 

G. Step 7: This is an additional step, it is carried out only when �	/|³ > 10 based on the 

values of density determined from step 6. In this step the current collected by the flat 

end part of the cylindrical probe is estimated. For values of �	/|³ lying between 10 
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and 45, the ion current collected by the flat probe is determined using Bohm formula 

but the physical collecting area of the probe is replaced by the effective collecting due 

to sheath expansion as per equation (3.5). Method described in step 6 is followed to 

determine the density but instead of comparing the theoretical ion current collected by 

the curved surface of the probe with the experimentally measured ion current 

�°'?DÍ
�� collected by the curved surface the total probe current is compared.    

 

H. Step 8: Using the value of density estimated in Step 7, the theoretical ion current is 

determined for different probe potentials and subtracted from the measured probe 

current to get the electron current. The steps 3,5,6,7 and 8 are repeated till the values 

of density and temperature converge.  

 

I. Step 9: With successful determination of density and temperature, the second 

derivative of the electron current is calculated to determine the EEDF. The usual two 

point differentiation formula has not been used here to minimize noise. The derivative 

of the probe current is estimated by sliding a second order polynomial of the form 

° � !2H + <2 + �  in the IV trace covering 21 data points in each fit. The 

differentiated value #°/#2  at the 11th data point is determined by #°/#2|::ÛÜ �
2! 2|::ÛÜ Q <2|::ÛÜ  . Total number of data points in a single I-V trace is generally 

2100 points. The code allows the user to change the number of data points used to fit 

the second order polynomial. This method allows us to differentiate the data and also 

has a smoothing effect.    
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Figure 3.19 : (a) The blue line represents a typical IV characteristic obtained in IMPED and 
the red line represents the fitted ion current. The ion saturation part of I-V characteristics at 
sufficiently negative probe potential is fitted with the equation Ii = C(Vs – Vpr)

1/2 and 
extrapolated to Ii = 0, where Vs is the plasma potential and C is a constant.  (b) Shows the 
variation of ln(Ielectron) with probe bias. The red line represents the contribution due to kinetic 
electrons and the olive line represents the contribution by electrons. 

  

3.3.2 Emissive probe 

The concept of electron emitting probe was proposed by Langmuir [119] in 1923. Electron 

emission from the probe provides an opportunity for direct measurement of plasma potential. 

Emissive is particularly useful for measurement spatial gradient in the plasma potential for 

determining electric field. The operation of emissive probe is based on one principle. When a 

probe is biased more positive than the local plasma potential, electrons emitted from the 

probe are reflected back to the probe. When the probe is biased negative with respect to the 

plasma potential, electrons from the emitting probe escape to the plasma and appear as an 

effective ion current. Emissive probe measurements are not sensitive to plasma flow and 

beams because it directly depends on the plasma potential rather than electron kinetic energy.  
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3.3.2.1 Working Principle 

The emissive probe I-V curve has two components, the collected current and the emitted 

current. Neglecting the space charge effects, the emission current from a hot wire can be 

written as 

 °
 � °
P�M� ~��2	D 9 2	5¤ � Ý�2	D 9 2	�,                   2	D > 2	 
    � °
P,                                                                          2	D < 2	 

 

(3.15) 

  Where 2	D  is the probe bias, 2	  is the plasma potential, °
P  is the temperature limited 

electron emission saturation current and 5¤ is the hot wire temperature in energy units. The 

quantity Ý�2	D − 2	� accounts for the orbital momentum and depends on the hot wire radius 

and the sheath radius. The temperature limited emission current °
P is given by Richardson 

Dushman equation. 

 °
P � T5ÞHß �M� v�à¤5Þ w (3.16) 

Where ‘T’ is the Richardson’s constant, ‘à¤’ is the work function of the wire and ‘ß’ is the 

area of the wire. In case of emission from the filament inside the plasma, the emitted current 

is constant for bias less than the plasma potential because the emitted electrons do not see any 

retarding potential (neglecting space charge effects). The emission current appears as an 

apparent ion collection current. When the bias is above the plasma potential, the electrons 

feel a retarding force, as the plasma acts like a cathode and the emission current decreases 

rapidly.    

Neglecting space charge effects, electrons collected from the Maxwellian plasma with 

temperature 5
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 °' � °'P�M� ~9��2	D 9 2	�5
 �                           2	D ≤ 2	 
    �  °'PÝá�2	D − 2	�                                        2	D ≥ 2	  

 

(3.17) 

Where, °'Pis the electron saturation current, 5
is the temperature of the electron and Ý′�2	D −
2	� accounts for the orbital angular momentum of collected electrons. The collected current 

of an emissive probe is just the same as that a cold Langmuir probe. 

3.3.2.2 Methods of emissive probe 

There are three methods for determining plasma potential using emissive probe.  

3.3.2.2.1 Floating potential method 

   The floating potential of a sufficiently heated emissive probe is close to local plasma 

potential, and this is the most widely used method for plasma potential determination using 

emissive probe. When an emitting probe is immersed in the plasma, the floating potential of 

the probe is that potential at which the incoming electron current from the plasma is balanced 

by the outgoing emitted current and the incoming ion current. As the emission of the probe is 

increased lesser amount of coming ion current is necessary to balance the incoming electron 

current due to compensation by emitted current. Thus as the emission increases, the floating 

potential of the probe approaches the plasma potential.   

When measuring the plasma potential using the floating point method as the emissive probe 

heating current is increased from no emission, the floating potential rapidly rises at first, but 

plateaus at the plasma potential. After this point, increasing the emission only slightly 

changes the floating potential due to space charge effects. Figure 3.23 shows the variation of 

floating potential with of a heated emissive with increasing in heating current.       
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3.3.2.2.2 Inflection point method [120] 

Equations (3.16) and (3.17) describing the I-V characteristics of emissive probe shows that 

when the space charge effects are neglected, the inflection point corresponds to the plasma 

potential. For an emitting probe the inflection point is shifted by space charge effects due to 

emission and this shift is linear as shown in Figure 3.20. Therefore, the inflection point is 

measured for a number of low emission levels to minimize the space charge effects and these 

points are linearly extrapolated to zeros emission to get the plasma potential without the 

space charge effects. 

 

 

Figure 3.20: (a) An experiment emissive probe I-V trace and its derivative, which is used to 
determine the inflection point. (b) The vertical axis is temperature limited emission 
normalized to electron saturation current. The line fit to the inflection point is extrapolated to 
yield the plasma potential. [121] [120] 

 

3.3.2.2.1 Separation point method 

This method is based on the fact that the I-V characteristics of a hot probe and cold probe 

tend to separate from each other near the plasma potential. The bias voltage corresponding to 

the separation can be taken as the plasma potential. The accuracy of this method theoretically 
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is on the order of	5Þ/�, though the uncertainty in determining the precisely where the curves 

separate can be much larger. [121]  

 

 

 

Figure 3.21 : The I-V characteristics of an emitting and a collecting probe. The separating is 
identified as the plasma potential. [121] 

 

3.3.2.3 Effect of magnetic field on emissive probe 

An emissive probe in a magnetic field [121] has a modified effective probe area since the 

electrons emitted perpendicularly to the field will be trapped in gyro-motion and won’t be 

able to escape and be emitted. This effect is significant if the probe wire oriented along the 

magnetic field line in which case almost none of the emitted electrons could escape. This 

problem can be avoided by orienting the emissive probe perpendicular to the magnetic field. 

A joule heated filament experiences Lorentz force x#ã� � °�#"�) ®���{ in the presence of an 

external magnetic field. If the magnetic field is strong enough it can deform a filament with 

current passing through it. The Lorentz force may reduce the life time of the filament also. 

Use of Laser heated emissive probe avoids this problem. 
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The presence of a magnetic field affects the inflection point/emission current relationship 

[120]. For a given emission current the inflection point will be more negative when a 

magnetic field is present than when magnetic field is absent. In our experiment we have 

measured the plasma potential using the floating potential method. The length of the emissive 

probe was held perpendicular to the magnetic field. A 0.125 mm diameter tungsten wire was 

used to make the emissive probe; we did not observe bending of the tungsten filament of the 

above mentioned diameter during operation.   

 

3.3.2.4 Construction and operation of emissive probe 

A 0.125	�� tungsten wire has been used to make the emissive probe. The wire was bent in 

the form a hairpin and inserted in a miniature double bore ceramic. Contact between the leads 

of the wires connected to the power supply and the tungsten filament is made by squeezing 

the filament and the connecting wire into the bore of the ceramic tube as shown in Figure 

3.22 (a). Plasma potential has been measured using the floating potential method as is not 

affected by magnetic field and large number of measurements can be carried out using this 

method very quickly. 

Figure 3.22: (a) Emissive probe construction, (b) Picture of emissive probe, (c) Emissive probe 
circuit 
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The filament is heated by passing current through it using a floating power supply with a very 

good isolation. The potential between the floating hot emissive probe and the grounded vessel 

is measured using a high impedance (10�Ω) voltmeter. The emissive probe circuit is shown 

in Figure 3.22c. The length of the emissive probe was held perpendicular to the magnetic 

field lines to minimize magnetic field effects on electron emission from the probe. The 

variation of the floating potential of the emissive probe with increase in filament heating 

current is shown in Figure 3.23.  

 

 

Figure 3.23: Variation of floating potential of a joule heated filament with increase in heating 
current 

 

3.3.3 Rack probe for fluctuation measurement  

The production of quiescent magnetized plasma is one the primary requirements to be 

satisfied experimentally for the proposed wave studies. The determination of the degree of 

quiescence of plasma involves measurement of density fluctuations at different operating 

regimes. It involves a survey of the stability (or instability) of numerous possible modes of 
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oscillation. A magnetized plasma may have a number of intrinsic instabilities and before 

embarking on the proposed wave experiments a survey of the different modes present in the 

plasma is desired. For this purpose a set of probes have been designed and made for 

characterising the different modes present in the system. These probes are used for sampling 

fluctuations in ion saturation current and floating potential for examining the fluctuation 

spectra of density and plasma potential. The data (times series) is acquired at a sampling rate 

of 10 ��Ý! %!��"�% ��� %��0$#  and the record length is 10 � "" 0$ �0 $�% . The time 

series is Fourier analysed to get the power spectrum which shows the power at different 

frequencies constituting the fluctuations. Linear spectral analysis is, however, of limited use 

when various spectral components interact with one another due to some nonlinear or 

parametric processes. In such a case, higher order spectral techniques, like the bispectrum 

(third – order spectrum) analysis, are useful in completely characterizing the fluctuating 

signals. Digital bispectral analysis technique for investigating nonlinear wave-wave 

interaction in plasmas as described by Kim and Powers [122] has been used in the spectral 

analysis of the fluctuation data.  

Three probes placed in the poloidal plane of the main chamber are used for measuring the 

mode number. Axial wave number �ä is measured using three probes placed at three axial 

locations; these three probes can be moved radially. The wavelengths are determined from 

the wave number spectra using a pair of probes [123] by analysing the time series 

simultaneously acquired by the two probes.  

 

3.3.4 Ion wave exciter and detection 

Experiments on phase mixing of plasma oscillations will involve the study of the evolution of 

plasma oscillation in a non-uniform background plasma density. An inhomogeneity in the 
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back ground density can be easily introduced by exiting an ion wave in the background. The 

advantage of this method is that by changing the amplitude and wavelength of the ion wave, 

the density gradient as seen by the plasma oscillation can be changed and the evolution of 

plasma oscillation at different density gradients can be studied. Over the years several 

experimental techniques have been devised for excitation and detection of Ion waves, some 

of the techniques have been mentioned in the section below.  

3.3.4.1 Transmitting Antenna 

Ion waves are usually excited by applying a pulsed voltage to a negatively grid immersed in 

the plasma. The grid is made of fine wire to intercept as little plasma as possible, and the wire 

spacing is several Debye lengths. As an example Wong et al. used a grid spanning their 

plasma column made from 0.0025 �� wire with 0.075 �� spacing in a plasma with a 0.001 

cm Debye length. A 5 V modulation of the − 20 2 bias produced a 10% density perturbation. 

In addition to a single gridded exciter, a double grid [124] or plate exciter can also be used 

for excitation of ion wave. 

3.3.4.2 Detection of ion wave 

Many techniques have been used to detect ion waves. In some experiments, the receiver and 

the transmitter are identical, and the ion current drawn by the biased receiver grid is 

observed. Alexeff and Jones [125] discuss the use of emissive probes biased negatively and 

of cold probes biased positively. They reported increased sensitivity with such probes, 

although care must be taken to ensure that the electron current drawn by the probe is not 

sufficient to perturb the plasma. When using electric probes to excite and detect ion density 

perturbation it is essential to separate the directly coupled signal from the plasma coupled 

signal at the receiver probe. The separation of the capacitive and the wave signal is often 

accomplished by time-of-arrival measurement. The directly coupled signal appears 
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immediately in the receiver on application of the wave exciting voltage on the exciter while 

the signal of the slow moving �~10+;	��%+:� ion acoustic wave usually appears after many 

microseconds. So if a single sine burst is applied on the exciter, first a directly coupled signal 

will appear on the receiver, this will be followed by the wave signal many microseconds later 

which can be easily observed in the oscilloscope.    

There is another way to completely eliminate the capacitive coupled between the exciter and 

the detector and that is by using a microwave interferometer [126] as detector. A microwave 

beam narrower than the acoustic wavelength crosses the plasma perpendicular to the direction 

of propagation. It is combined with a reference signal from the same source, and the sum is 

detected. The density variations of the acoustic wave modulate the index of refraction for the 

electromagnetic wave. The consequent phase modulation of the microwave beam appears as 

an amplitude modulation of the sum of beam plus reference.  Although this method is more 

complex, it is only sensitive to the density of the plasma in the microwave beam and is free 

from the difficulty associated with electric probes. 

3.3.4.3 Our wave excitation and detection system    

 

Figure 3.24: Schematic of the wave exciting and detecting circuit. 
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Disturbance in the ion time scale is excited by applying a oscillating voltage to a 30mm 

diameter stainless steel (SS304) mesh having a wire of diameter 0.26mm and 0.9mm 

aperture. The ion wave is detected by using a Langmuir probe biased in the ion saturation 

region. The separation between the capacitive and wave signal is accomplished by time-of-

arrival measurement. The circuit being used for exciting and detecting ion wave is shown in 

Figure 3.24. The wave propagation data are shown in Figure 3.25, which depicts Langmuir 

probe receiver signals at four axial locations when the exciter is energized with a single burst 

voltage pulse. The data is acquired at 1 × 10+  �<!�, −70 2 discharge voltage, Rm = 49.5 

�åE = ®EoA@/®�C?D'
�  and 327G magnetic field in the main chamber. The propagation 

speed of the observed peak is found to be 2.6 × 10; ��%+: which is close to the ion acoustic 

speed estimated from the temperature measurement using Langmuir probe.  

 

 

Figure 3.25: Propagation of the disturbance in ion time scale 
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3.3.5 Excitation of plasma oscillations 

Plasma oscillations and wave associated with are high frequency oscillations and waves. For 

a density range of 10� to 10:: ��+, , the plasma oscillation frequency varies from 284 ��� 

to  2.8 =�� . At electron plasma frequency, the vacuum electromagnetic wavelength is 

comparable to the apparatus size hence conventional circuit theory as in the case of ion 

acoustic waves can no longer be applied but rather one has to resort to microwave techniques. 

The speed of the electron plasma wave is much higher compared to the ion acoustic speeds 

hence the time of arrival technique used for ion acoustic waves fail here. 

     For exciting and detecting plasma oscillation/electron plasma wave three schemes are 

available. The first scheme employs three gridded exciters [127] for exciting and detecting 

signals in the electron time scale. The central grid is the power grid it is connected to the 

central conductor of a matched coaxial transmission line and the outer two outer grids are at 

rf ground. Grounding the facing element of the exciter and receiving pair minimized direct 

coupling. For carrying out the wave experiments it is essential to reduce the signal due to 

direct coupling to value much less than plasma wave signal detected by the receiver. Figure 

3.26a shows a three gridded exciter developed for exciting plasma oscillations. In order to 

minimize plasma loses to the grid experiments were also carried out using a three gridded 

exciter for excitation of the wave but a probe attached to a 50 ohm semi rigid coaxial cable is 

used as receiver as shown in Figure 3.26c.   

  In the second scheme as shown in Figure 3.26b, a tungsten wire fed directly from a 50 Ω 

semi rigid coaxial line is to be used for exciting Langmuir wave [68]  and another tungsten 

wire is to be used for detection. To reduce the direct pick up between the exciter and receiver 

a stainless steel cylinder of continuous length 1 m are placed in the main chamber and both 

the exciting and receiving probes are inside the cylinder. The cylinder act as high pass filter 
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and the experiment will be conducted below the cut off frequency. Both the above mentioned 

techniques are to be used for exciting waves for plasma densities below and 

around	10�	��+,.  

 

Figure 3.26: (a) Excitation and detection of Langmuir waves using a probe connected to a 50 
ohm semi-rigid coaxial cable. The probes are placed inside a cylinder of smaller diameter 
which acts as a high pass filter. (b) Three gridded exciters for exciting and detecting plasma 
oscillation. (c) Picture of the three gridded exciter. (d) Scheme for exciting and detecting 
plasma oscillation using an electron beam, (e) Picture of a connecterized semi-rigid cable 
used for making the high frequency circuits. 

 

  

The third scheme involves excitation of electron plasma wave by making use of two-stream 

instability. Introduction of an electron beam of density $CÅ and velocity .CÅ in cold plasma 

gives rise to electrostatic waves of frequency � and wave number � beyond a threshold. Let 

the beam density $CÅ be much smaller than the plasma density. Using the fluid equations and 

linear perturbation theory the dispersion relation can be written as  
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 �	AH
�H + �	
H�H + �	ÅH�� 9 �.CÅ�H � 1 (3.18) 

If the ions are assumed to be infinitely massive (3.18) becomes  

 1 = �	
H�H + �	ÅH�� − �.CÅ�H (3.19) 

Equation (3.19) is a quartic equation. It will have four roots. Depending upon the situation, it 

may have four real roots, or two real roots and two complex roots. The complex roots will be 

complex conjugate of each other.  Equation (3.19) is numerically solved and the results are 

plotted for different ratio’s of beam density �$CÅ� and plasma density �$C�. The ratio of beam 

and plasma density is given by · = $CÅ/$C. 

 

Figure 3.27: Linear dispersion relation of beam plasma instability 

 

The solution of (3.19) is graphically shown in Figure 3.27 which shows that complex 

conjugate unstable solutions [128] for �  exists when |�| h r�º�? s r1 + ·æçs,/H
. The figure 

also shows that the unstable solutions occur when � is close to �.CÅ and also close to �	
 

and �.CÅ is equal to �	
. Using this information an analytical expression for growth rate can 
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be obtained by substituting � � �	
 + δ ≈ kvêë Q 6  in (3.19), and carrying out a bit of 

algebra, where6 ≪ �	
.  

 �EoJ q �	
 ì1 − 12 v12 ·w:,í 
�EoJ ≈ �	
 ~12 √3 v12 ·w:/,� 

 
 
(3.20) 

 Thus it is observed for a weak beam · ≪ 1  one gets �EoJ ≈ �	
 . Thus from the 

experimental point of view it is observed that it is possible to excite plasma oscillation using 

a weak beam. In the presence of magnetic field the electrons are expected to gyrate around 

the magnetic field lines. But the equation of motion of the electron along magnetic field bears 

the same form as without the magnetic field �®��� case. Hence two-stream instability appears 

at �~�	
 as if magnetic field is absent if motion along �®��� is only considered.   

An electron beam generated by an electrically biased heated tungsten filament is used to 

excite plasma oscillations in IMPED over a wide range of frequencies during the wave 

experiments. The plasma oscillation is detected by a floating probe connected directly to 

spectrum analyser. A connected semi-rigid cable and high frequency vacuum feedthroughs 

have been used to make the receiver probe. Plasma oscillation is excited by introducing an 

energetic electron beam ~ 103 �2 in the plasma along the magnetic field with low beam 

density �· ≪ 1� and it is detected by a high frequency receiver probe placed at a distance of 

3 �� away from the heated filament. The spectrum analyser connected to the receiver probe 

shows a single peak centred on the plasma oscillation frequency as shown in Figure 3.28.      
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Figure 3.28: Frequency spectra of the detector signal measured at 3 cm away from the heated 
filament biased at -100 V. Location of the heated filament z = 152.5 cm and r = 0 cm. 
Pressure, magnetic field and discharge voltage is held constant at 10-4 mbar, 1090 G and        
- 90V respectively.  

 

The method of excitation and detection of plasma oscillation using the two stream instability 

is described in much greater detail in chapter 6 of this thesis. Excitation of plasma oscillation 

using a weak electron beam and detection of oscillation frequency also serves as a diagnostics 

to cross verify the density measurement of Langmuir probe.  

 

3.4 Summary 

A linear magnetized plasma device has been designed and fabricated in-house at the Institute 

for Plasma Research for carrying out extensive experimentation on plasma waves and 

instabilities. The device is built in two stages initially a prototype has been developed and this 

has been followed by the fabrication and installation of the final version of the device. The 

device consists of a multi-filament plasma source placed in the low magnetic field region 

connected to a main chamber having uniform magnetic field through a transition magnetic 

field region. The multifilament can produce plasma of a number of ion species like helium, 
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argon, neon, krypton, and xenon and their different combinations. The axial profile of the 

magnetic field can be tailored to obtain many different configurations by feeding current to 

the coils independently. These independent variations of magnetic fields in the source, 

extension, and main chamber enable the machine operation with different mirror �åE �
®EoA@/®�C?D'
�  ratio configurations. Furthermore, this machine is designed for 

accommodating many plasma sources and the present plasma source can easily be replaced 

by other sources such as duoplasmatron [53], microwave source [61], and oxide coated 

cathode [76], it can also be converted into a Q-machine if the need arises. A number of 

diagnostics have been developed for the characterizing the plasma and carrying out the wave 

experiments. A low noise Langmuir probe system has been developed for measuring time 

resolved density and temperature. A code has been written in MATLAB® for efficiently 

processing the single Langmuir probe I-V trace over a wide operating range for determining 

the plasma parameters. A set of rack probes for measuring density and potential fluctuations 

in the plasma has been developed. Excitation and detection system for ion acoustic wave and 

plasma oscillation have been developed and tested for the proposed wave experiments. Thus 

it can be concluded that a versatile linear magnetized plasma device along with a wide array 

of diagnostics have been developed for experimental study of waves and instabilities in a 

magnetized plasma.  
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Chapter 4 Plasma Characteristics 

 

The versatility of a linear plasma device especially designed for plasma wave studies lies in 

its ability to produce various plasmas over a wide parameter range in order to accommodate 

several experiments. For example, availability of a wide range of plasma density over a wide 

range of pressure and external magnetic field facilitates several different experimental studies 

by having different collision frequencies, cyclotron frequencies, etc. In this chapter the 

variation of plasma density and temperature with controlling features is presented. In section 

4.1 the plasma characteristics of Magnetized Linear Plasma Device (MLPD) is presented and 

the importance of results of MLPD in the design of Inverse Mirror Plasma Experimental 

Device (IMPED) has been stressed. The plasma characteristics of IMPED is described in 

section 4.2. A four order density variation and temperature variation of 6 times have been 

achieved in IMPED using different control features. All these control features and their 

effectiveness has been discussed in detail in in section 4.2.1. The pulsed discharge option of 

IMPED has been described in section 4.2.2. This is followed by summary in section 4.3. 

4.1 MLPD Plasma 

The variation of plasma density with different control parameters is studied with Langmuir 

probe. A planar probe of radius 3 mm and a cylindrical probe of radius 0.5 mm and length 5 

mm have been used to make the measurements. The probes were always oriented 

perpendicular to the magnetic field. The base pressure of the system is 1 × 10+; �<!� and 

system is purged with argon gas a number of times before striking the discharge. Steady state 

argon plasmas were produced in MLPD and its characteristics are presented below.  
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Figure 4.1 shows the variation of density with pressure in MLPD measured at z = 32 cm and r 

= 0 cm. The axial magnetic field in the main chamber is maintained at 95 G, the discharge 

voltage is fixed – 80 V and filament heating current is ~ 2 T. The density varied from 

1.1 × 10:: ��+,  to 1.8 × 10:P ��+,  on decreasing pressure from 9 × 10+  �<!�  to 5 ×
10+;  �<!� . 

 

Figure 4.1 :  Variation of Plasma density with pressure in the main chamber of MLPD at z = 
32 cm and r = 0 cm. VDis  and Bmain are held constant at -80 V and 95 G magnetic field. 

 

The experimental study of the variation of plasma density with pressure shows that the lowest 

of operating pressure of MLPD is ~ 5 × 10+; �<!�. This gives an insight on the motion of 

charge particles in the source and the main chamber. The ionization length [129] of an 85 eV 

electron at 5 × 10+; �<!� is 20.6 � which is much larger than the system length. Thus in 

order to ionize the gas the primary electrons emerging from the heated filaments will have to 

suffer multiple reflections between the end flange of the source chamber and the magnetic 

mirror at the interface of the source and the main chamber, such that the path traversed by the 

electrons is greater than or equal to the ionization length before finally escaping into the wall 
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of the source or the main chamber. Figure 4.1 is also an important result from the design point 

of view of IMPED. One of the differences between MLPD and other linear plasma devices 

[40, 80] is that, in other devices cusp confinement in the source chamber is present both 

curved surface and on the flat surface parallel to the axial source flange while in MLPD cusp 

confinement is only limited to the axial source flange. There is no cusp confinement on the 

curved surface. Successful production of plasma at low operating pressures in MLPD shows 

that cusp confinement on the curved surface is not necessary for production of plasma at low 

operating pressures using multifilament plasma source. The axial magnetic field near the 

filament due to solenoid magnets surrounding the main chamber is enough to confine the 

ionizing electrons radially in the source chamber for plasma production in the device at low 

operating pressures. This is an important result as it leads to significant reduction in 

production costs and also enables the user to access a greater density range experimentally as 

will be shown later in section 4.2.1.4.    

 

 

Figure 4.2 :  Schematic of the multifilament cathode on the left and its location in the source 
chamber in the fringing field of the solenoid magnet surrounding the main chamber. 
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Figure 4.3: Radial variation of density at z = 32 cm. Bmain = 95 G, VDis = - 80 V and P = 5 x 10-4 mbar 

 

The plasma produced is radially uniform. Figure 4.3 shows the radial variation of density in 

the main chamber at z = 32 cm at 5 × 10+  �<!� , VDis = -80 V and 96 G magnetic field. 

The plasma density decreases to 80% of its peaks value at r ~ 4 cm. The diameter of the 

uniform plasma in the main chamber may be related to the diameter of the filament area by 

the conservation of particles along flux lines, as the plasma is expected to diffuse along the 

magnetic field lines from the source to main chamber (refer Figure 4.2).  

From the conservation of particles along magnetic flux lines one may write,  

 ®�C?D'
 × T�C?D'
 ≈ ®EoA@ × TEoA@ (4.1) 

  ∴  #EoA@ ≈ �®�C?D'
 × #BA�H
®EoA@  

 

 #EoA@ ≈ �26 × 15.6 × 15.695 = 8.2 �� 
(4.2) 
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The estimated value of the uniform diameter using the conservation of particles along flux 

lines principle, matches very well with the experimental result as shown in Figure 4.3. From 

this it can be concluded that the net motion of the electrons and ions are primarily in the axial 

direction along the magnetic field lines. 

 

 

Figure 4.4 : Variation of density with magnetic field in the main chamber at z = 32 cm and r 
= 0 cm. Pressure and discharge voltage are held constant at 5×10-4 mbar and -80 V 
respectively.  

 

Considering that magnetic field is one of the controlling parameters for varying density in a 

magnetized plasma device. The variation of density with magnetic field is studied as shown 

in Figure 4.4. The magnetic field is changed from 95 G to 168 G in main chamber and the 

density was found to increase from 8 × 10:P ��+, to ~ 1.5 × 10:: ��+, at – 80 V discharge 

voltage and  5 × 10+  �<!� operating pressure. 

With the experience gained in the experiments conducted in MLPD, the designs of IMPED 

was finalized. In section below the plasma characteristics of IMPED is presented.       
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4.2 IMPED Plasma 

Both steady state and afterglow plasma can be produced in the IMPED. The variations of 

plasma density and temperature with different control parameters such as pressure, magnetic 

field magnitude and profiles, and bias voltages have been characterized to explore the 

suitability of IMPED for wave studies. The base pressure of the system is 2 × 10+¨ �<!� , 

the system was purged with dry argon a number of times before commencing argon plasma 

production. Cylindrical Langmuir probes of dimensions "	 = 6 �� and �	 = 0.5 �� , and 

"	 = 4 ��  and �	 = 0.25 ��  have been used to measure the plasma density and 

temperature. The Langmuir probe is oriented perpendicular to the magnetic field. All 

measurements are carried out in the main chamber unless otherwise stated specifically.  

4.2.1 Steady State Plasma 

4.2.1.1 Variation of density and temperature with pressure and 

magnetic field 

The plasma density in IMPED can be varied by varying the operating pressure, discharge 

voltage, magnitude of axial magnetic field. In the first set of experiments, the plasma 

densities in the range of ~ 10:P − 10:: ��+, has been obtained by varying the argon fill-

pressure from ~ 8 × 10+  to 1.7 × 10+; �<!�, keeping the discharge voltage at −90 V, the 

mirror ratio, Rm = 49.5 with Bmain = 1090 G, and filament current 2 A. As shown in Figure 4.5, 

a variation of plasma density ∼20 times is observed in the above mentioned pressure range. 

The plasma density did not vary substantially when the discharge voltage is varied from −50 

V to −90 V, keeping the fill-pressure, Bmain, and Rm constant at 1 × 10−4 mbar, 1090 G, and 

49.5, respectively.   
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Figure 4.5 : Variation of density with pressure at constant magnetic field. Measurements were made at 

VDis = - 90 V, Rm = 49.5, z = 32 cm and r = 0 cm 

 

The plasma density in IMPED can also be varied at fixed fill-pressure by varying the source 

and main chamber magnetic fields keeping mirror ratio, Rm, constant at 49.5 and discharge 

voltage fixed at −90 V. The plasma density decreases by a factor of ∼20 with decreasing the 

axial magnetic field strength in the main chamber from 1090 G to 109 G and proportionally 

decreasing Bsource to keep Rm constant as shown in the Figure 4.6. The decrease in magnetic 

field strength in both source and main chamber reduces the confinement in both the chambers 

which cause the density to decrease in both main and source chambers. 

 

Figure 4.6 :  Variation of density with magnetic field at constant pressure. Measurements 
were made at VDis = - 90 V, Rm = 49.5, z = 32 cm and r = 0 cm. 
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Unlike density, the minimal temperature variations in the main chamber are observed, 

varying only from 4.5 to 2 eV, over the entire filling pressure range of 2 × 10+; �<!� − 8 ×
10+  �<!� as shown in Figure 4.7(a). The decrease in temperature with increase in pressure 

may be attributed to the increase in collisions with pressure. Marginal decrease in 

temperatures has been observed from 3 to 2 eV with decrease in Bmain from 1090 G to 218 G, 

keeping Rm and fill-pressure constant at 49.5 and 10−4 mbar respectively, as shown in Figure 

4.7(b). 

 

Figure 4.7: (a) Variation of temperature with pressure at constant magnetic field (b) Variation 
of temperature with magnetic field at constant pressure. Both measurements were made at 
VDis = - 90 V, Rm = 49.5, z = 32 cm and r = 0 cm. 
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4.2.1.2 Variation of plasma parameters using a unique transition 

magnetic field 

IMPED provides another interesting option to vary the plasma density and 

temperature in the main chamber without altering the operating pressure and the magnitude 

of the magnetic field in the main chamber. The option involves changing plasma parameters 

by changing the mirror ratio, i.e., the ratio of magnetic field in the main chamber, (Bmain), and 

the magnetic field in the source chamber (Bsource). This can be done by changing current in 

the compensation and extension coils. This is the precisely the reason for which we designed 

to introduce these coils in the transition region. The mirror ratio can be changed by varying 

Bsource keeping Bmain constant or varying Bmain keeping Bsource constant or by varying both 

Bsource and Bmain. In first case we vary Bsource keeping Bmain constant and study its effect on 

plasma. Figure 4.8(a) shows the variation density on the axis of the main chamber at z = 32 

cm on changing Bsource from ~30 G to 2 G keeping Bmain, fill-pressure, and VDis constant at 

1090 G, 10−4 mbar, and −90 V respectively. The density is found to change by a factor of ~ 

10. The cause of the reduction in density in the main chamber is investigated by considering 

the different effects associated with the decrease in Bsource when Bmain is held constant.  

Decrease in Bsource enhances the cross field diffusion in the source chamber as there is 

no cusp magnetic field confinement on the periphery of the source chamber, hence, 

decreasing the density in the source chamber. Furthermore, decreasing Bsource and keeping the 

Bmain constant lead to increase in the mirror ratio (Rm), which should in principle increase the 

confinement in the source extension chamber and the incremental reduction in density in the 

main chamber should be more than that in the source chamber extension. However, 

measurement of the density in the source chamber extension along with that in the main 

chamber revealed that density decreases in similar fashion in both the source and main 

chamber as shown in Figure 4.8(b). Therefore, in this case, the cross-field confinement plays 
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an important role in controlling the density in the main chamber as compared to mirror effect 

[42, 39].  

 

Figure 4.8: Variation of density with source magnetic field. (a) Measured at z = 32 cm and r 
= 0 cm. (b) Measured at z = - 47.5 cm and r = 0 cm. Other parameters for both measurements 
are P = 10-4 mbar, VDis = - 90 V and Bmain = 1090 G 

 

In second case the magnetic field near the filaments is held constant while the 

magnetic field in the main chamber is reduced. This implies that on decreasing the magnetic 

field in the main chamber the mirror ratio will decrease as a result more particles will enter 

the main chamber easily along the field lines from the source. Also at the same time, the 

cross field diffusion will increase in the main chamber. The former process will increase the 

density in the main chamber while the later will decrease the density in the main chamber. 

Hence depending on which process is dominant the density in the main chamber will change. 

With reference to Figure 4.9 the magnetic field in the source was held constant at 22G 

while the magnetic field in the main chamber was decreased from 1090G to ~ 200 G. The ion 

(a) 

(b) 
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saturation current initially increased in the main chamber with decrease in magnetic field till 

872G, indicating mirror effect is dominant. But as the magnetic field is reduced below 872G, 

the loss due to cross field diffusion in the main chamber dominates. As a result the ion 

saturation current in the main chamber decreases. The langmuir probe used in the 

measurement is located at z = 152.5 cm and r = 0 cm. Thus it may be concluded the density 

observed in the main chamber is a cumulative of the two effects, the mirror effect and cross-

field diffusion in the main chamber.   

 

Figure 4.9: Variation of density in the main chamber with mirror ratio. Mirror ratio is 
changed by varying Bmain holding Bsource constant at 22 G. Measurements carried out at VDis = 
-90V, P = 10-4 mbar, z = 152.5 cm and r = 0 cm. 

 

Thus it is observed that changing the magnetic field in the source chamber and holding the 

magnetic field in the main chamber is an effective tool for variation of density in the main 

chamber. A density variation of one order is observed. But unlike density, temperature shows 

small variation with mirror ratio. Variations within a factor of 2 are observed when Bsource is 

reduced from 31 G to 5 G keeping Bmain and pressure constant at 1090 G and 10+  �<!� 
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respectively (Figure 4.10). Similar variation of temperature on decreasing ®�C?D'
  and 

holding ®EoA@  constant at 1090 = is also observed at other operating pressures 6 ×
10+  �<!� and 6 × 10+; �<!� as shown in Figure 4.10b.  

 

 

Figure 4.10: Variation of temperature on the axis of the main chamber at z = 32 cm when 
Bsource is decreased holding Bmain constant at 1090 G. (a) Pressure held constant at 10-4 mbar 
(b) Pressure held constant at 6×10-4 mbar and 6×10-5 mbar. For both measurement VDis is 
fixed at – 90 V. 

 

Thus it can be concluded that the variable transition magnetic field between the plasma 

source and main chamber along with no cusp confinement on the curved surface of the source 

chamber increases the range of densities and temperature that can be accessed for 

experimental purpose for a given operating pressure and magnetic field in the main chamber.  



 

131 
 

Density as low as 4 × 10� ��+, is obtained in the main chamber under the condition 

of fill-pressures 5 × 10+; �<!� , 2³A� =  −60 2 , ®EoA@ = 1090 = , and keeping magnetic 

field near the source to a minimum (∼1 G) by feeding compensation with currents in the 

opposite direction. On the other hand, a high density of ~ 2 × 10:H ��+,  is obtained at 

9 × 10+  �<!� fill-pressures, − 90 2 discharge voltage, and 1090 G magnetic field in the 

main chamber by increasing the filament heating current. 

4.2.1.3 Axial and radial variation of plasma parameters 

 

 

Figure 4.11: (a) Axial variation of density (b) Radial variation of density at z =32 cm. Both 
measurements were made at P = 10-4 mbar, VDis = - 90 V, Bm = 1090 G and Rm = 49.5. 

 

The plasma produced is axially uniform. Figure 4.11 (a) shows the axial variation of plasma 

density at 10+  mbar pressure, - 90V discharge voltage, 1090 G magnetic field in the main 
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chamber and Rm = 49.5 . The uniform density region is seen to correspond to the flat top 

magnetic field region in the main chamber. The plasma in the main chamber is also radially 

uniform. The radial variation of plasma density at z = 32 cm is shown Figure 4.11(b). Thus it 

can be concluded that the uniform plasma required for the wave experiments as per design 

requirements has been achieved experimentally in IMPED.  

4.2.1.4 Variation of plasma parameters using a mesh  

Experiments with a mesh in between two chambers have been a common feature of double 

plasma devices [74] designed for wave studies. A time varying potential can be applied to the 

grid to excite waves or one may introduce a beam in the target chamber by biasing the grid. A 

mesh may also be used to alter the plasma parameters in a plasma device. For example 

Mackenzie et al. [130] observed that a positively biased grid consisting of 0.025 �� 

diameter tungsten wires separated by 3 �� raised the temperature of an argon plasma from 

5
 � 0.5 �2 to almost 4 �2. The reason for the increase in temperature was ascribed to the 

selective absorption of low-energy electrons by the biased grid. The biased grid acted as an 

angular momentum trap from which the higher energy electrons escape but low energy 

electrons are absorbed. Considering the obvious advantages of a grid, facilities were made in 

IMPED for attaching an isolated grid that can used to alter the plasma parameters.  

In order to study the effect of mesh on plasma parameters in IMPED an isolated mesh is 

attached between the source and source extension chamber in the IMPED as shown in the 

Figure 4.12. The mesh can be grounded or biased externally as per requirement of the 

experiment. The mesh used is of plane weave type; it has 61 lines per inch and is made of 

0.15 �� diameter stainless steel (SS 316) wire.   
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Figure 4.12: Schematic of IMPED showing the location of the isolated mesh and the probe 
used to make the measurements in the main chamber.       

 

In the first set of experiments the mesh is electrically connected to the ground and variation 

of plasma parameters with different control features have been studied.  A variation of 

plasma densities in the range of  ~	1.2	 ) 10::  to 3 ) 10�	��+,  has been obtained by 

varying the argon fill-pressure from ~	7.3 ) 10+ 	 to	3 ) 10+;	�<!�, keeping the discharge 

voltage at − 90 V, the mirror ratio, Rm = 49.5 with	®EoA@ � 1090	=, and filament current ~ 2 

A. As shown in Figure 4.13a, a variation of plasma density ~	40 times is observed in the 

above mentioned pressure. A comparison without mesh (refer Figure 4.5) case shows that the 

presence of mesh decreases the density in the main chamber by a factor of ~ 10. This is 

because the grounded mesh acts as a sink for the plasma as a result it reduces the plasma 

density.    

The variation of plasma density in IMPED with magnetic field is studied by changing the 

source and main chamber magnetic fields keeping mirror ratio �åE� constant at 49.5 at fixed 

fill-pressure and discharge voltage fixed at − 90 V. The plasma density decreases by ~ 6 

times with decreasing the axial magnetic field strength in the main chamber from 1090 G to 

109 G and proportionally decreasing ®�C?D'
  to keep åE  constant as shown in the Figure 

4.13(b). On comparing the density in the main chamber in the presence of mesh to case when 



 

134 
 

the mesh was not attached between the source and the source chamber extension, a decrease 

in density by one order at 1090 G is observed.   

 

Figure 4.13(a) Variation of plasma density with pressure when Bmain = 1090 G (b) Variation 
of plasma density with values of axial magnetic field in the main chamber at 10-4 mbar . Both 
measurements are made at r = 0 cm, z = 32 cm, VDis = - 90V and Rm = 49.5. 

 

As observed in the experiments without mesh the temperature variation with pressure and 

magnetic field is minimal. The temperature changed by a factor of 2 from ~ 1.2 �2 to 2.6 �2 

when the pressure is decreased from 7.3 × 10+  �<!� to 3 × 10+; �<!� at fixed ®EoA@ =
1090 =, åE = 49.5 and  2³A� =  −90 2. The temperature variation with pressure is shown in 

Figure 4.14a. Similar change in temperature by a factor of 2 from 1.7 �2  to 0.8 �2  is 

observed when the magnetic field is decreased at a constant åE�= 49.5� from 1090 = to 

109 = as shown in Figure 4.14b. The pressure is held constant at 10+  �<!� and discharge 

voltage is fixed at −90 2 during the temperature measurement.   

(a) 

(b) 
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Figure 4.14: (a) Variation of plasma temperature with pressure when Bmain = 1090 G (b) 
Variation of plasma temperature with values of axial magnetic field in the main chamber at 
10-4 mbar. Both measurements are made at r = 0 cm, z = 32 cm, VDis = - 90 V and Rm = 49.5. 

 

A comparison of the plasma temperature in the main chamber in the absence and the presence 

of mesh show that the temperature in the main chamber is consistently less in the presence of 

mesh. The reason for the reduction in temperature of the electrons may be due to loss of 

confinement in the presence of the grounded mesh. In order to confirm this reason, an 

experiment is conducted to improve the confinement of electrons using the mesh and observe 

its effect on the temperature. This is done by biasing the mesh negatively at 9 22 2 to ensure 

that it repels the plasma electrons impinging on it. Thus a negatively biased mesh is expected 

to improve the electrostatic confinement of electrons. The experimental results are shown in 

Figure 4.15. The plasma electron temperature increases from 1.2 �2  (mesh grounded) to 

2.1 �2 when the mesh is given a −22 2 negative bias supporting our argument that decrease 

(a) 

(b) 
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in confinement is the cause of temperature reduction in the presence of grounded mesh. It 

may also be noted that the plasma temperature when mesh is biased negatively to 9 22 2 is 

nearly equal to the plasma temperature measured at the same location without any mesh at 

the same operating pressure discharge voltage and magnetic field.  

 

 

Figure 4.15: Plasma temperature in the presence of grounded mesh, mesh held at - 22 V and 
without any mesh at z =32 cm, r = 0 cm, P = 7.3×10-4 mbar, VDis= -90 V, Bmain=1090 G and 
Rm=49.5. 

 

4.2.2 After glow plasma 

Inverse Mirror Plasma Experimental Device has the option for pulsed discharge to study 

waves in afterglow plasma. The option of afterglow plasma is particularly desirable as it 

enables the production of Maxwellian plasma. Within few tens of microseconds [40] of 

switching of the plasma source, the primary electrons are expected to be lost to the vessel 

wall leaving only the bulk plasma electrons. The characteristics of afterglow plasma are also 

of interest because it yields a measure for the particle confinement time [80], energy 
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relaxation time and provides quiescent plasma. This is why we have implemented the option 

of afterglow plasma production in IMPED. 

 

Figure 4.16: (a) Schematic of the afterglow circuit. (b) Density decay in afterglow at z = 32 
cm, r = 0 cm. VDis = −90 V, P = 10−4 mbar, Bmain = 1090 G and Rm = 49.5. 

 

The IMPED is operated in pulsed mode also by switching off the acceleration or discharge 

voltage of the multi-filamentary discharge. The circuit layout for the afterglow plasma 

experiment is shown in the Figure 4.16a. A master trigger is used to trigger a four channel 

trigger generator with programmable time delay. The output from the programmable trigger 

generator is used to switch off the IGBT and also to trigger the diagnostics. A Langmuir 

probe located in the main chamber at � � 0	�� and � � 32	�� is used for making the plasma 

density measurement. The variation of the plasma density with time is shown in the Figure 

4.16b, discharge voltage is maintained at – 90V, magnetic field in the main chamber is 

maintained at 1090 G, åE � 49.5 and the operating pressure is 10+ 		�<!�. The density 
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decreases with time with an e-folding time of 336 Ú%��. This time is more than enough to 

carry out the planned phase mixing of nonlinear plasma oscillations experiment, as the 

phenomenon is expected to occur within 1 Ú%��.  

 

 

4.3 Summary 

The experimental results of MLPD and its contribution in designing of upgraded device 

IMPED have been described in this chapter, followed by plasma characterisation data of 

IMPED. A density variation of four orders �10� − 10:H ��+,� has been experimentally 

achieved in IMPED using different control parameters, notably pressure, axial magnetic field, 

mirror ratio, mesh and filament heating current. Hence the initial target of realizing four order 

density variations for parametric wave studies has been met experimentally. The plasma 

temperature is varied from 0.8 eV to 5 eV using the above mentioned control features of 

IMPED. Thus the required range of temperature � 2 − 5 �2� for the phase mixing experiment 

is satisfied. Out of all the controlling features used for varying the plasma parameters usage 

of the flexible transition magnetic field (mirror ratio) in the absence of cusp confinement in 

the curved surface of the source chamber is unique to IMPED. Its effectiveness in varying 

both density and temperature has been substantiated with experimental data and the cause of 

the variations of plasma parameters has also been experimentally established. The 

effectiveness of a mesh in altering plasma parameters in the downstream magnetized plasma 

has been experimentally explored. Probe measurements show that the plasma is radially and 

axially uniform. The axial uniformity extends 1.2 � in the main chamber thus satisfying the 

uniform plasma requirement. In addition to producing argon plasmas, plasmas of other ion 

species like helium, neon, krypton, and xenon and their different combinations can also be 
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produced in this device. Thus, it can be concluded that the entire requirement for wave 

studies in IMPED except quiescence have been experimentally satisfied. 
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Chapter 5 Production of quiescent plasma  

 

 

This chapter describes the method used for production of quiescent plasma in Inverse Mirror 

Plasma Experimental Device (IMPED). The effectiveness of the method over a large 

operating range has been substantiated with experimental data. Considering that wave studies 

is the primary motivation for constructing IMPED, a brief study of the intrinsic instabilities in 

IMPED plasma have been carried out to ensure that the inherent instabilities in the plasma do 

not interfere with the proposed wave studies.   

 

5.1 Quiescent plasma production in IMPED  

The novel feature of IMPED is its capability to produce plasma with very low density 

fluctuations. It is quite well known that a plasma with a high degree of quiescence is a basic 

requirement for most research involving basic plasma physics. Since the phase mixing 

experiments primarily require an excitation of a controlled perturbation for studying the 

background ion response [13], low ambient noise (density fluctuation) is absolutely desired to 

maintain a good signal to noise ratio. This is also true for any wave experiment involving 

excitation of a controlled density perturbation and study of its propagation characteristics.  

The quiescence of the plasma is estimated by measuring the fluctuations in the ion saturation 

current. The ion saturation current and its fluctuating component are acquired simultaneously 

in a 1 GHz oscilloscope (Tektronix). One million points are stored at 5 mega samples per 

second in both the channels. The quiescence, i.e., 6$/$, is estimated from the ratio of the root 

mean square (rms) value of the fluctuating component and the mean value of ion saturation 
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current. For a given fill-pressure, the density fluctuations are controlled by varying the mirror 

ratio�åE � ®EoA@/®�C?D'
�. The mirror ratio is altered by either by varying ®�C?D'
 or by 

varying ®EoA@ or by a combination of both.  

 

Figure 5.1: Variation of quiescence with mirror ratio in the uniform plasma region, (a) Bmain  
held constant at 1090 G while Bsource is varied, fluctuations are measured at r = 0 cm and z = 
152.5 cm (b) Bmain  held constant at 872 G while Bsource  is varied, fluctuations are measured at 
r = 0 cm and z = 110.4 cm. Discharge voltage and operating pressure are maintained at – 90 
V and 10-4 mbar respectively.  

 

The variation of quiescence with mirror ratio �åE� is plotted in Figure 5.1a and Figure 5.1b 

at fill-pressure 10+ 	�<!� and 2³A� �	9902. In Figure 5.1a, the mirror ratio is varied by 

varying ®�C?D'
 from 22 G to 31 G keeping ®EoA@ constant at 1090 G, whereas in Figure 

5.1b, the mirror ratio is varied by changing ®�C?D'
  from 17.6	=  to 30	=  keeping ®EoA@ 
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constant at 872 =.  Plasma with very low density fluctuation, 6$/$ ~0.2%  is observed at 

®EoA@ � 872 = and ®�C?D'
 � 30 =.  

 

 

Figure 5.2: Variation of quiescence with mirror ratio at r=0 cm and z=152.5 cm. Mirror ratio 
is changed by varying Bmain  holding Bsource  constant at 22 G. Discharge voltage is maintained 
at – 90 V and fill pressure of argon is maintained at 10-4  mbar. 

 

The effectiveness of controlling plasma quiescence by varying ®EoA@  holding ®�C?D'
 

constant is shown in Figure 5.2. ®�C?D'
  is kept constant at 22 G and ®EoA@  is varied. 

Quiescence values of as low as ~0.3% have been achieved at a mirror ratio, åE~15, keeping 

®�C?D'
 constant at 22 G. Thus, it is observed that low mirror operation of IMPED leads to 

the maintenance of quiescence 6$/$ ≤ 1% over a broad span of magnetic field values in the 

main chamber and hence over a wide range of density.  

Considering that, along with magnetic field, the plasma density varies over a wide range with 

change in pressure, the effectiveness of low mirror ratio operation in producing quiescent 

plasma for different operating pressures is studied experimentally. The operating pressure is 

varied from 8 × 10+  �<!� to 3 × 10+; �<!� at − 90 2 discharge voltage for two values of 

®EoA@ . Figure 5.3a shows the variation of quiescence with pressure for åE = 49.5  and 
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åE � 37, when the magnetic field in the main chamber is held constant at 1090 = . Figure 

5.3b shows the variation of quiescence with pressure for three mirror ratio’s 49.5, 37 and 29.3 

at a fixed ®EoA@ = 872 =. The density fluctuations are found to decrease with increase in 

pressure as a whole and the level of density fluctuations for any given pressure is less at 

lower mirror ratios. However, the decrease in density fluctuation is not monotonic with 

pressure, there is a local increase in density fluctuation at ~ 5 × 10+  �<!�  when the 

magnetic field in the main chamber is maintained at 872 =.  

 

 

Figure 5.3: Variation of quiescence with pressure for different mirror ratios; (a) Bmain is held 
constant at 1090 G and measurements are carried out at r=0 cm and z=152.5 cm (b) Bmain is 
held constant at 872 G and measurements are carried out at r=0 cm and z=110.4 cm. 
Discharge voltage for both measurements is maintained at - 90 V. 
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Thus, it is observed that low mirror ratio operation of IMPED leads to the production of 

quiescent plasma with 6$/$ ≲ 1% for wide range of pressure and magnetic field, satisfying 

the low density fluctuation criteria over a wide operating range required for wave studies. 

However, to get a glimpse of the intrinsic instabilities in IMPED a radial variation of the 

density fluctuation spectrum is studied.  

 

5.2 Intrinsic instabilities in IMPED plasma 

A magnetized plasma column may support a number of unstable modes which may give rise 

to fluctuations in density. A pressure gradient perpendicular to a magnetic field may give rise 

to drift waves. In a cylindrical magnetized plasma column where there is a radial density 

gradient transverse to the axial magnetic field, the propagation of the drift wave is mainly 

azimuthal with an axial component (finite �||). In addition to drift wave (DW) instability, 

fluctuations in a magnetized plasma may also occur due to Rayleigh-Taylor instability and 

Kelvin-Helmholtz instability.  

Rayleigh-Taylor or gravitational instability in hydrodynamics occurs when a heavy fluid is 

supported by a light fluid. The equilibrium here is unstable and any perturbation at the 

interface between both the fluids triggers the instability. The heavier fluid is displaced 

downward while the lighter fluid is displaced upward. In plasma device gravity may not be of 

major importance. However, in plasma devices with curved magnetic fields, the centrifugal 

force acting on the plasma due to particle motion along the curved magnetic lines of forces 

acts as an effective “gravitational” force.  In a cylindrical linear magnetized plasma device, 

plasma rotation can be induced by a radial electric field, which may act as an effective 

gravity. This can trigger the instability when the central dense plasma column rotates at least 

as fast as the external less dense layer [131]. Unlike drift waves, Rayleigh-Taylor (RT) 
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fluctuations are purely azimuthal and have �|| � 0. Fluctuations due to RT instability is 

characterized [131] by �!M î 
ïð¥¦§�î ≈  1 and �!M î
ïð /¥¦§�@f/@ î ≥ 1. Location of the maximum 

fluctuations due to RT instability is at �!M î:@ �@�D  î.    
Kelvin-Helmholtz (KH) instability [132, 133] in hydrodynamics occurs when there is 

velocity shear between layers of fluid flowing relative to each other. In a linear cylindrical 

plasma column with a uniform axial magnetic field and non-uniform radial electric field, 

plasma rotates non-uniformly due to ��� × ®�� rotation and may be subjected to KH instability 

[134]. The fluctuation amplitude is maximum inside the velocity shear layer. The above 

mentioned instabilities can be identified based on the criteria derived by Jassby [134], which 

is summarized in Table 3. 

Table 3: Criteria for the characterization of DW, RT and KH instabilities [131] 

Parameters Drift waves Rayleigh-Taylor Kelvin-Helmholtz 

�∥ ~ 1/> 0 0 

Radial Location max ��³� �!M ô1$ #$#� ô Maximum of the 
velocity shear 

�!M õ �àö�5
õ 1 1 ≫ 1 

�!M õ�àö/�5
$f/$ õ ≤ 1 ≥ 1 ≫ 1 

Local variation of 
phase for potential 

fluctuation 

≤ 45P 40P − 90P 90P − 180P 
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5.2.1 Radial variation of fluctuation spectra 

The density fluctuations at various radial locations are measured at two mirror ratio’s and its 

power spectrum is analysed to observe the fluctuation frequency that is being suppressed at 

lower mirror ratio operation of IMPED.   

 

Figure 5.4 : Density fluctuation spectra at different radial locations for two different mirror 
ratio. Bmain is held constant at 872 G at P = 10-4  mbar and Vdis= -90 V. Measurements are 
made at 110.4 cm 
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Form Figure 5.4 it is observed that a ~4.2 ��� low frequency fluctuation that exist at higher 

mirror ratio åE � 49.5 is no longer visible at lower mirror ratio åE � 29. Also the power in 

the fluctuations is much lower at åE � 29 than at åE � 49.5, which is in agreement with 

our 6$/$ measurements at various mirror ratios presented in section 5.1. A radial density 

gradient perpendicular to the magnetic field is well-known for giving rise to instabilities 

[135] causing plasma density fluctuations. Exploring the possibility of density gradient 

causing the reduction in density fluctuation at low mirror ratios in IMPED, the radial density 

profile has been measured in the main chamber for two mirror ratios of 49.5 and 29.  

 

 

Figure 5.5: Radial density profiles at two mirror ratios. (a) Rm = 49.5 (b) Rm = 29. Both 
measurements are carried out at z = 110.8 cm. Bmain=872 G, VDis= -90 V and P=10-4  mbar.  

 

As shown in Figure 5.5, the radial plasma density profile becomes more flat on reducing the 

mirror ratio from åE � 49.5 to åE � 29. For åE � 29, the plasma density falls to 80% of 

its peak value at � ~ 2.1 ��, while f or åE = 49.5, the density falls to 80% of its peak value 

� ∼ 1.9 �� . Flattening of radial density profile with reduction in mirror ratio may be 

understood as follows. The electrons and ions move from the source chamber to the main 

chamber along the magnetic field lines extending from the filament area to the main chamber, 

hence determining the plasma column diameter in the main chamber. At lower mirror ratios, 
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the magnetic field lines intersecting the filament area occupies a greater diameter in the main 

chamber; thus, the radial uniformity of the plasma improves. Therefore, density fluctuations 

in IMPED can be effectively controlled by controlling the radial density profiles through the 

mirror ratio åE . This feature also enables to control the radial uniformity of the plasma 

column in IMPED. 

In low mirror ratio operation, a dominant high frequency ~12.4 ��� is observed away from 

the axis. The power spectrum of the fluctuations measured at  � = 110.8 �� away from the 

axis of the device for different radial locations is shown in Figure 5.6.  

 

Figure 5.6: Power spectrum of the density fluctuations at different radial locations for 
Rm=29 when Bmain=872 G. The pressure is maintained at 10-4 mbar, VDis  is fixed at - 90 V.    
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In order to identify this high frequency fluctuation �� ~12.4 ����, the radial variation of the 

power in this frequency is plotted and is compared with the radial variation of plasma 

potential.  The plot of the radial variation of power in the high frequency fluctuation is shown 

in Figure 5.7a and radial variation of plasma potential is shown in Figure 5.7b.  

 

 

Figure 5.7: (a) Radial variation of power in the dominant high frequency fluctuation (b) 
Radial variation of plasma potential. Both the measurements have been made at z = 110.8 
cm. Mirror ratio, operating pressure, magnetic field in the main chamber and discharge 
voltage is held constant at 29, 10-4  mbar, 1090 G and - 90 V respectively.  

 

From Figure 5.7a it is observed that the maximum power in the dominant high frequency 

fluctuation is at � ~4 ��. From the radial variation of plasma potential as shown Figure 5.7 

b, it is observed that there is a strong shear in the electric field at � ~ 4 − 4.5 ��. Thus, it can 

be conjectured that the dominant high frequency fluctuation observed away from the centre 

may be due to Kelvin-Helmholtz instability. The parallel wavenumber [136] of this dominant 

high frequency fluctuation � ~12.4 ��� is measured using three axially arranged probes at 

 � = 4 �� . �∥  is found to be 0.0025 ��+: , thus confirming that � ~ 12.4 ���  is an 

azimuthal mode.  To gain further insight into the nature of this fluctuation, the ratio of 

��à÷ 5
⁄ � �$ø $⁄ �⁄  is calculated at three radial locations. At � = 3.5, 4 !$# 4.5 ��  the ratio 
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��à÷ 5
⁄ � �$ø $⁄ �⁄  is 4, 5.1 and 8.2, respectively. Thus, it is observed that  ��à÷ 5
⁄ � �$ø $⁄ �⁄ ≫
1 for the high frequency fluctuation which also indicates that the fluctuations may be due to 

Kelvin-Helmholtz instability. Hence, from the above results it may be concluded that the high 

frequency fluctuation is due to KH instability.  

The power spectrum of the density fluctuations away from the axis shows a number of 

interesting phenomena as shown in Figure 5.6. The high frequency Kelvin-Helmholtz mode 

�~12.4 ��� seems to be coupling with low frequency modes having frequencies in the few 

~ ��� range and producing side bands. The asymmetries of the side bands are varying with 

radial location. At � ~ 3.5 �� (refer Figure 5.6a), the side bands are nearly symmetrical, but 

as one moves away from the centre say at 4.5 ��  (refer Figure 5.6c) the asymmetry 

increases. The frequency range of the low frequency modes are in the drift wave range for 

typical laboratory magnetized plasma. The observed side bands may be due to a nonlinear 

interaction between low frequency drift and the high frequency KH instability. To confirm 

this, auto bispectral analysis of the density fluctuation data is carried out. 

 

5.2.2 Bispectral analysis 

Bispectral analysis [137] is used for investigating nonlinear coupling among waves that 

satisfy the selection rules for frequency ��, = �H ± �:�  and the wave number ��, = �: ±
�H�. This method is used particularly for analysing fluctuation spectrum associated with self-

excited waves phenomena. As in such cases, spontaneously independent waves may get 

excited which may satisfy the selection rules but are not coupled nonlinearly. Nonlinear 

coupling results in new spectral components that are phase coherent, which is not true for 

independently excited waves. The detection of nonlinearly coupled waves may be carried out 



 

151 
 

with higher order spectrum, which measures the degree of phase coherence between the 

waves.  

The bispectrum ®÷  of density fluctuation is defined as  

 ®÷��,� � 〈$ø��:�$ø��H�$ø��,�〉 (5.1) 

Where �, � �: + �H, $ø��� is the Fourier transformed expression of density fluctuation $ø���. 

Though the strength of three wave coupling may be represented by bispectrum, it is usually 

very difficult to use for describing the coupling state of the fluctuations. Therefore, we use 

bicoherence instead of bispectrum, which indicates the correlation of the frequency 

components between $ø��:�$ø��H� and $ø��,�.  The bicoherence of density fluctuation is given 

by      

 <÷H��,� � ü®÷��,�üH
〈|$ø��:�$ø��H�|H〉〈|$ø��,�|H〉 (5.2) 

The value of bicoherence is a measure of the strength of the interaction between frequency 

components, for example <÷H��,� � 0.99  implies that the power in �,  is entirely due to 

interaction between �: and �H.  

 The bicoherence of density fluctuation time series acquired at � � 4.5 �� and � � 118.8 �� 

at 10+  �<!� is shown in Figure 5.8. The magnetic field in the main chamber is maintained 

at 872 = and åE is fixed at 29. It shows that ~ 12.4 ��� fluctuation is coupling nonlinearly 

with ~ 2.625 ��� producing side bands, �, = �: + �H. It also shows that ~ 12.4 ��� has a 

strong interaction with itself, resulting in harmonics generation.   



 

152 
 

 

Figure 5.8: Bicoherence spectrum of density fluctuation measured at r  = 4.5 cm and z = 
110.8 cm. Other parameters are Bmain=872 G, Rm=29, P = 10-4 mbar and VDis= -90 V. 

 

Thus, from Figure 5.8 it may be concluded that IMPED provides a test bed for studying KH 

and DW instabilities. The experimental study of these instabilities is desirable to get a better 

understanding of transport in magnetically confined devices. However, it should be noted that 

the nonlinear interactions present in IMPED plasma are confined in a region away from the 

axis. The plasma near the axis is free from nonlinear interactions as can be seen from the 

bicoherence spectrum of the density fluctuations at � � 0 �� and � � 0.5 ��.   
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Figure 5.9: Bicoherence spectrum of density fluctuation measured at r  = 0 cm and z = 110.8 
cm. Other parameters are Bmain=872 G, Rm=29, P =10-4 mbar and VDis= -90 V. 
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Figure 5.10: Bicoherence spectrum of density fluctuation measured at r = 0.5 cm and z = 
110.8 cm. Other parameters are Bmain=872 G, Rm=29, P =10-4 mbar and VDis= -90 V. 

 

5.3 Summary 

A method for production of quiescent magnetized plasma has been proposed using the 

flexible transition magnetic field between the plasma source and the main chamber, that 

allows independent variation of magnetic field in the source (®�C?D'
) and the main chamber 

(®EoA@). Plasma with low density fluctuation is produced by operating the system in low 

mirror ratio (åE ) configuration. The effectiveness of this method is substantiated with 

experimental data. The plasma quiescence can be maintained around 6$/$ ≲ 1% over a 

wide operating range spanning from 5 × 10+; to 10+, �<!� pressure and 109 = to  1090 = 
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magnetic field in the main chamber, by operating the system in low mirror ratio 

configuration. The effect of low mirror operation on the nature of fluctuations in IMPED is 

explored experimentally. Operation in low mirror ratio configuration gives rise to a sheared 

electric field at the edge of the plasma, which in turn induces a sheared ��� ) ®��  rotation. 

Kelvin-Helmholtz instability is observed due to the sheared rotation at the plasma edge. 

Bicoherence spectrum of density fluctuation revealed nonlinear coupling of KH with low 

frequency modes (may be DW) producing side bands. Strong interaction of the dominant 

spectral component of KH with itself is observed. These results may be interesting to the 

wider physics community because KH instability due to velocity shear layer is common in 

hydrodynamic systems. However, it must be noted that nonlinear interactions due to self-

excited modes are limited to the region away from the centre of the plasma and density 

fluctuations near the axis are very less �6$/$ ≲ 1%�.  
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Chapter 6 Experiments on plasma oscillations 

 

The present chapter describes the experimental study of plasma oscillations in the presence of 

a background plasma density perturbation. This chapter is divided into five sections; section 

6.1 describes the excitation of plasma oscillations using two stream instability, section 6.2 

gives an account of the experiments on interaction of plasma oscillations with a ion acoustic 

wave and an intuitive explanation of the observed phenomenon is given in section 6.3, 

followed by a brief summary in section 6.4.     

 

6.1 Excitation of plasma oscillations 

Plasma oscillation [1] is one of the fundamental modes of plasma. It can be excited by 

resonant coupling between a weak beam and the fundamental eigen mode of the plasma. If 

the beam density and energy exceeds the threshold value, the beam plasma interaction will 

give rise to excitation of plasma oscillation. This can be easily seen by considering a one 

dimensional two stream instability in cold plasma ��5
 � �5A � 0) of density $C where an 

electron beam of density $CÅ  streams with velocity .CÅ . In the laboratory frame, the 

dispersion relation is given by  

 1 − �	
H�H − ·�	
H�� − �.CÅ�H = 0 (6.1) 

where � is taken to be real, and ���� is the complex frequency (�D +  �) which describes the 

complex behaviour of the �}/ fourier mode and · is the ratio of the beam density �$CÅ� and 

the plasma density �$C� . Equation (6.1) gives complex unstable solutions when |�| h
��	.CÅ��1 + ·:/,�,/H

  [138]  
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The frequency, wave number and growth rate of the most unstable linear waves are, 

respectively, [138],    

 �EoJ � �	
 ì1 − 12 v12 ·w:, + 34 v12 ·wH, + ⋯ í 

�EoJ = �	
.CÅ ì1 + 32 v12 ·wH, + ⋯ í 

�EoJ = �	
 ì12 √3 v12 ·w:, − 14 √3 v12 ·wH, + ⋯ í 

(6.2) 

Thus, it is observed that in the presence of a weak beam (· ≪ 1), the frequency of the most 

unstable mode is the plasma frequency ��	
� and the wavelength is given by ~ .CÅ/�	
 =
2K.CÅ/�	
 . However, a laboratory plasma has a finite temperature and collisionality, 

therefore, the collisionless cold plasma conditions are not strictly satisfied. Hence, for this 

purpose the dispersion relation of two stream instability due to a weak electron beam is 

deduced by taking into account the finite temperature and collisionality. Using the dispersion 

relation, the growth rate and frequency of the most unstable mode is theoretically calculated.  

The governing equations for determining the beam plasma dispersion relation are the 

equation of motion of electrons fluids, continuity equation and Gauss’ law. Let us consider a 

weak electron beam of initial density $CÅ and velocity .CÅ be introduced in the plasma with 

equilibrium density $C and temperature 5
.   

The equation of motion and continuity equation of the plasma electron fluid may be written 

as  
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 �
$
 ~^.
����^� + �.
����. ∇�.
�����
� ��5
∇$
 − �$
��� − �
�	
@$
.
���� − �
�	
A$
.
���� 

(6.3) 

 ^$
^� Q ∇. �$
.
����� � 0 (6.4) 

where �	
@ and �	
A are the electron-neutral collision frequency and the electron-ion collision 

frequency of plasma electrons, respectively. Other symbols have their usual meaning. Solving 

(6.3) by the process of linearization, where $
 � $C Q $: , .
���� � .C����� Q .:����� and ��� � �C����� Q �:�����. 

Subscript zero represents the equilibrium quantities and the subscript one represents the first 

order perturbation. At equilibrium.C����� � �C����� � ∇$C � ^$C/^� � 0. Therefore equation (6.3) 

and (6.4) takes the form  

 �
$C ^.:�����^� � −�$C�:����� − ��5
∇$: − �
$C.:�������	
@ Q �	
A� (6.5) 

 ^$:^� Q ∇. �$C.:������ � 0 (6.6) 

Let �	 � �	
@ Q �	
A in (6.5). Then (6.5) becomes 

 �
$C ^.:�����^� � −�$C�:����� − ��5
∇$: − �
�	$C.:����� (6.7) 

 Looking for electrostatic waves of the form �:����� � �:�A�¥J+�}�Mø, where Mø is in the direction of 

wave vector. We are considering a one dimensional problem. 

 .: � −  ��:�
�� Q �	 � Q ���5
�
$C�� Q  �	� $: (6.8) 
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 .: � �$:�$C  (6.9) 

Combining (6.8) and (6.9), one gets 

 $: � 9 ��$C�:��
�� +  �	� 9 �H��5
 (6.10) 

The equation of motion and continuity equation of the cold electron beam fluid may be 

written as 

 �
$Å ~^.Å�����^� + �.Å�����. ∇�.Å������ � −�$Å��� − �
�Å
@$Å.Å����� − �
�Å
A$Å.Å����� (6.11) 

 ^$Å^� Q ∇. �$Å.Å������ � 0 (6.12) 

where �Å
@ and �Å
A are the electron-neutral collision frequency and the electron-ion collision 

frequency of beam electrons, respectively. Other symbols have their usual meaning. Solving 

(6.11) and (6.12) by the process of linearization, where $Å � $CÅ Q $:Å, .Å����� � .CÅ������� Q .:Å������� and 

��� � �C����� Q �:����� . Subscript zero represents the equilibrium quantities and the subscript one 

represents the first order perturbation. At equilibrium, �C������ � ∇$CÅ � ^$CÅ/^� � 0. Therefore, 

equation (6.11) and (6.12) takes the form 

 �
$CÅ ~^.:Å�������^� Q  �.CÅ�������. ∇�.:Å�������� � −�$CÅ�:����� − �
$CÅ.:Å���������Å
@ Q �Å
A� (6.13) 

 ^$:Å^� Q .CÅ�������. ∇$:Å Q $CÅ∇. .:Å������� � 0  (6.14) 

Let �Å � �Å
@ Q �Å
A , then equation (6.13) becomes,  
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 �
$CÅ ^.:Å�������^� + �
$CÅ�.CÅ�������. ∇�.:Å������� � −�$CÅ�:����� − �
$CÅ.Å:��������Å (6.15) 

Looking for electrostatic waves of the form �:����� � �:�A�¥J+�}�Mø, where Mø is in the direction of 

wave vector, (6.14) and (6.15) becomes, 

 .:Å � −  ��:�
�� − �.CÅ Q  �Å� (6.16) 

 .:Å � �� − �.CÅ��$CÅ $:Å (6.17) 

Combining (6.16) and (6.17), one gets  

 $:Å � −  ��$CÅ�:�
�� − �.CÅ Q  �Å��� − �.CÅ� (6.18) 

Writing the Gauss’ law and considering electrostatic waves of the form �:����� � �:�A�¥J+�}�Mø, 

where Mø is in the direction of wave vector and using (6.10) and (6.18), one gets the dispersion 

relation as  

 1 − �	
H
��� +  �	� − �2 �H.}/
H − ·�	
H�� − �.CÅ +  �Å��� − �.CÅ� = 0 (6.19) 

For one dimensional adiabatic process � = 3 

 1 − �	
H
��� +  �	� − 32 �H.}/
H − ·�	
H�� − �.CÅ +  �Å��� − �.CÅ� = 0 (6.20) 

In a collisionless plasma with a finite temperature the dispersion relation becomes  
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 1 − �	
H
� − 32 �H.}/
H − ·�	
H�� − �.CÅ�H = 0 (6.21) 

where .}/
H = 2�5
/�
 is the electron thermal speed. 

In order to visualize the effect of temperature on the growth rate of the instability, equation 

(6.21) is numerically solved for real �  for different ratio’s of thermal energy of plasma 

electrons and beam energy.   

 

Figure 6.1: Variation of growth rate of the unstable modes for different beam energies.  
 

Figure 6.1 shows the growth rate of the unstable modes in plasma with a finite temperature 

and · = 2 × 10+, for different values of  �D, where �D  r= :H �
.}/
H :H �
.CÅHY s is the ratio of 

the thermal energy to the beam energy. It is observed that on increasing the ratio of thermal 

energy to the beam energy, the wave number of the most unstable mode increases and the 
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frequency of the unstable mode also shows a slight tendency of increasing with increase in �D 

as shown in Figure 6.2. So with these perspectives in mind, the experiments on plasma 

oscillations have been carried out.   

 

 

Figure 6.2: Variation of the frequency of the unstable mode with wave number for different 
values of Er, when the ratio of the beam density to plasma density is 2×10-3.  

 

Electron beam for excitation of beam driven plasma oscillations is injected in the plasma 

from an electron emissive filament. A long straight filament of 3	��  length and 

0.125	��	diameter is used for wave studies. Electron emission from the heated filament 

takes place when the heating current is varied from	1 9 3	T . The electron beam energy 

þ� � ��2� 9 2�� is controlled by varying the filament biasing voltage	2, which is negative 

with respect to the plasma potential	2� . The beam temperature is reduced by a factor of 

~�5�A�/�  from the filament temperature 5BA�~0.2	�2  when electrons emitted from the 

filament are accelerated to energy	� [139]. Therefore, the cold beam approximation holds 

well compared with 5
  and beam energies	~	115	�2 . The beam is injected in the system 
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along the axial magnetic field. The beam divergence is expected to be very small around few 

Larmor radii within few centimetres from the filament. Under typical operating conditions, 

the energy of the beam ��Å
oE� is ~ 115 �2, beam current is ~10 �T, plasma temperature is 

~ 2 �2. The beam density is estimated from the beam current is found to be $Å~3.07 ×
103 ��+,,  which is much less than the plasma density $P~1.6 × 10:P ��+,. Thus, the 

weak beam approximation holds and hence, a single peak is expected in the frequency 

spectra. The frequency spectrum of the excited oscillation is shown in the Figure 6.3 which 

shows a sharp peak centered at plasma frequency.  

 

 

Figure 6.3: Frequency spectrum of the beam driven plasma oscillation. 

 

Plasma oscillations driven by the electron beam are electrostatic waves of high frequencies 

�~�	
 =  1 =��� and short wavelength ( ~ 2K.CÅ/�	, typically 6.4 mm) and are received by 

a high frequency probe. The probe had a straight 5 �� long tip connected to a semi-rigid 

cable. The high frequency probe is directly connected to a spectrum analyser for identifying 

the frequency of the wave potential.  
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6.2 Interaction of plasma oscillations with a ion acoustic wave 

in the background 

 

 

Figure 6.4: Schematic of the experimental set up for studying the plasma oscillation in the 
presence of an ion acoustic wave in the background. 

 

The experimental study of the interaction of plasma oscillation with an ion acoustic wave in 

the background is conducted in the main chamber of IMPED [42]. The schematic of the 

experimental set up is shown in the Figure 6.4. It consist of a gridded exciter made from 

stainless steel mesh (SS 316) for exciting ion acoustic wave, followed by a 3 cm long biased 

heated tungsten filament for exciting the plasma oscillations and a high frequency receiver 

which can also be used to sense signal in the ion acoustic frequency range. For detecting 

signal in the ion acoustic frequency range the high frequency probe is biased at 985	2 in the 

ion saturation region and the disturbance in the ion saturation current corresponding to the 

wave excitation signal is measured using a 1=�� oscilloscope. The heated filament used for 

excitation of the plasma oscillation can be moved radially and the gridded ion acoustic wave 

exciter and the receiver probe is movable be axially. For the experimental data presented 

below the grid is placed behind the biased heated filament at a distance of 3 cm. The receiver 

is placed in front of heated filament at a distance of 3 cm from the filament. 
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The experiments are conducted at 10+  �<!�, in argon plasma. The magnetic field in the 

main chamber is held constant at 218 = while the magnetic field near the plasma source is 

fixed at 29 =. The discharge voltage is held constant at −90 2. The experiment is conducted 

in five steps. Initially ion acoustic waves are excited by applying a single burst to a gridded 

exciter at 100 kHz in the absence of the electron beam. The receiver is retracted and the 

propagating wave is sampled at different z locations. The ion acoustic waves observed are 

similar to waves shown in Figure 3.25.    

 After confirming that ion acoustic waves are propagating on application of oscillating 

voltage on the ion acoustic wave exciter grid. The power to the ion acoustic wave exciter grid 

is switched off and the receiver probe is brought back to z = 3 cm. Now without any power to 

the ion acoustic wave exciter grid and without any electron beam in the system the output of 

the high frequency receiver probe connected to a spectrum analyser is recorded. The 

spectrum analyser output is shown in Figure 6.5. 

 

 

Figure 6.5: Frequency spectrum in the absence of electron beam in the plasma 
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This is followed by excitation of plasma oscillations by introducing an electron beam of 

density 3 × 103  ��+,  and energy ~ 115 �2  along axis of the magnetic field using the 

heated tungsten filaments. The plasma oscillations excited by the beam is detected using 

same high frequency probe connected to the spectrum analyser. The output of the spectrum 

analyser is shown in Figure 6.7a. The output of the spectrum analyser shows a sharp peak at 

1.079 =��. The plasma density determined from the frequency peak is ~ 1.6 × 10:P ��+, . 

The plasma density is also measured using a Langmuir probe in the absence of the electron 

beam and as per Langmuir probe measurements the plasma density is ~ 2 × 10:P ��+,. The 

wavelength corresponding to the observed frequency peak determined from dispersion 

relation is 6.4 ��.  
Following the excitation of plasma oscillations, ion acoustic waves are excited in the 

presence of the beam by applying an oscillating voltage at ~ 100 ���  to the grid. The 

existence of the propagating ion density perturbation in presence of the electron beam is 

confirmed by applying a single burst to the gridded exciter and detecting the corresponding 

ion acoustic wave using the time of flight technique. Figure 6.6 shows the propagation of ion 

acoustic wave on application of 28 2		  pulsed voltage on the gridded ion acoustic wave 

exciter in the presence of an electron beam. The wavelength of the wave is 14 �� and the 

induced ion density perturbation �6$		/$� is 0.026.      
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Figure 6.6: Propagating ion density perturbation as received by the receiver on application of 
a single 28 Vpp pulse voltage on the ion acoustic wave exciter 

 

This is followed by the experimental study of plasma oscillations in the presence of ion 

acoustic waves in the background. Ion acoustic waves are excited by continuously applying 

oscillating voltage to the grid at 100 kHz. Ion acoustic waves of subsequently increasing 

amplitude are excited in the presence of plasma oscillation and its effect on the coherent 

power in the plasma oscillation is experimentally studied. The frequency spectrum of the high 

frequency probe for different exciter voltage applied to the grid is shown Figure 6.7 (a - f).  

 

  

Exciter voltage = � ��� 

F = 1.079 GHz 

Power = - 66.63 dBm 

(a) 
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. 

 

Exciter voltage= �� ��� 

F = 1.03 GHz 

Power = - 75.80 dBm 

Exciter voltage= ��.� ��� 

F = 1.059 GHz 

Power = - 72.37 dBm 

(b) 

(c) 

Exciter voltage = 	� ��� 

F = 1.079 GHz 

Power = - 79.306 dBm 

Exciter voltage = 
� ��� 

F = 0.99 GHz 

Power = - 84.375 dBm 

(d) 

(e) 
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Figure 6.7: Variation of power in the coherent oscillation with increase in the applied voltage 
to the grid exciting ion acoustic wave.  

 

The power in the coherent plasma oscillation decreases on increasing the background ion 

density perturbation as shown in Figure 6.7.  Without any background ion density 

perturbation, the power in coherent plasma oscillation is 966.6 #®�. As the background ion 

density perturbation is increased, the power in the coherent plasma oscillation decreases. For 

example, in the presence of background ion acoustic wave (ion density perturbation) of 

amplitude 6$		/$  ~ 0.01 excited by applying 11.8 2		  exciter voltage, the power in the 

coherent oscillation decreases to −72.37 #®� . On increasing the amplitude of the 

background ion acoustic wave further to 6$		/$ ~ 0.026  by applying an exciter 

voltage 28 2		 , the power in the coherent oscillation decreased to − 75.80 #®� . For a 

background ion acoustic wave 6$		/$ ~ 0.03 (Exciter voltage = 48 2		), the power in the 

coherent oscillation decreases further to −84.375 #®�. On increasing the exciter voltage 

further to 58 2		 to excite a higher amplitude ion acoustic wave the peaked oscillation is no 

longer visible.        

It is also experimentally observed that on increasing the amplitude of exciter voltage on the 

grid, the plasma frequency tends to decrease slightly. This may be due to the fact that the 

Exciter voltage = �� ��� 

Power = - 86 dBm 

Peaked oscillations centered 

around plasma frequency 

(f) 
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exciting grid draws more current from the plasma at higher amplitudes, thus decreasing the 

downstream plasma density slightly.    

 

6.3 Intuitive explanation of the observed phenomena 

In an inhomogeneous plasma the local plasma frequency varies spatially due to the 

dependence of   local plasma frequency on density at that location. Because of the spatial 

dependence of the plasma frequency, the phase difference between the oscillators constituting 

the oscillation change with time, which eventually leads to fine scale mixing of various parts 

of the oscillation [11]. The time in which two oscillators separated by twice the amplitude of 

oscillation goes out of phase by 180P is defined as the phase mixing time. The phase mixing 

time of small amplitude plasma oscillation in a weakly inhomogeneous plasma [11] is given 

by �EAJ = ¿
Hv�º

��
w� . This formula deduced by J.M. Dawson gives an interesting insight into 

the phenomenon of phase mixing. It shows that the rate of phase mixing is dependent on the 

displacement N of the oscillator from the equilibrium position, which implies that greater the 

distance traversed by an oscillator in a single period, more is the dephasing. This statement is 

true not only for small amplitude of oscillation, but also in case of large amplitude of 

oscillation. However, in case of large amplitude oscillation, the phase mixing may not have 

the simple inverse dependence as predicted by J.M. Dawson.  

Experimentally, plasma oscillations are excited by using a weak electron beam. The beam 

excites the oscillations in the plasma as it propagates. Beam driven oscillations have a finite 

growth rate, thus, the amplitude of oscillation grows with time. As the amplitude grows, the 

oscillators constituting the oscillation traverse a greater distance from the mean position. In 

an inhomogeneous plasma the dephasing of the oscillators constituting the oscillation takes 

place and this dephasing is greater for higher amplitudes. Thus there is a driver, which is the 



 

171 
 

weak electron beam and there is a damping mechanism due to phase mixing, which depends 

on the amplitude and the background density perturbation. For a given ion density 

perturbation, the beam driven growth rate of the oscillation can be more dominant at lower 

amplitudes while the phase mixing effect is dominant at higher amplitudes of oscillation. This 

leads to saturation of the oscillation at lower amplitude in presence of background ion density 

perturbation (inhomogeneous plasma) than what it would have been in the uniform plasma. 

Hence on increasing the ion density perturbation, the saturation amplitude of oscillation 

should decrease further. This is what we have observed experimentally, when a smaller ion 

density perturbation is excited (refer Figure 6.7b) the oscillation is equilibrating at a higher 

amplitude which is of course less than the amplitude of oscillation observed in a uniform 

plasma as shown in Figure 6.7a. On increasing the ion density perturbation further (refer 

Figure 6.7c, d and e) the oscillation is equilibrating at a much lower amplitude and beyond a 

certain limit, the peaked coherent oscillation is no longer observed.                

 

6.4 Summary 

Phase mixing of plasma oscillation is experimentally demonstrated in a unique experimental 

configuration for the first time, which allows one to investigate phase mixing as a steady state 

phenomenon instead of a transient phenomenon lasting only few nanoseconds to tens of 

nanoseconds. Oscillations in the plasma are excited using a weak electron beam �· �
$Å/$ ≪ 1�. The frequency of the most unstable mode in the weak beam approximation limit 

�· ≪ 1�  is ~ �	
�= 1 =���  and the wavelength is ~6.4 �� . The non-uniformity in the 

density is externally induced in a controlled manner by exciting ion acoustic waves using a 

single grid exciter. The wavelength of the excited ion acoustic wave is ~14 �� .  The 

frequency of the ion acoustic wave is much less than the frequency of the plasma 
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oscillation�Ω ≪ �	
�. The variation of power in the coherent oscillation in presence of ion 

wave in the background of different amplitudes is experimentally studied. The power in the 

coherent oscillation is found to decrease with an increase in the amplitude of the background 

ion acoustic wave and beyond a certain limit, the coherent oscillation ceases to exist. The 

experimental results verify that phase mixing of plasma oscillation is dependent on both 

amplitude of oscillation and also on the non-uniformity of the background plasma density.  
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Chapter 7 Conclusion and Future Scope  

 

 

 

This chapter is divided into two sections. The first section gives an account of summary of 

the work described in this thesis followed by the conclusions drawn from it. In the second 

section, a brief discussion on the further experiments that can be carried out is presented.         

7.1 Summary  

The physics of phase mixing of plasma oscillations [11] and breaking of nonlinear plasma 

oscillations [11] is a topic of considerable interest both from the fundamental point of view as 

well as from the application point of view. Fundamentally, it is the simplest collective 

irreversible phenomena observed in plasma yet a number of aspects of this phenomena are 

yet to be experimentally explored. The longitudinal electric field associated with plasma 

oscillations can be used to accelerate particles [34] and it finds applications in plasma based 

accelerators and certain laser fusion schemes. In this thesis, an experimental system, designed 

for the detailed experimental investigation of phase mixing of plasma oscillation, has been 

described.  

The design process involved a theoretical study of phase mixing and breaking of plasma 

oscillation, followed by identification of unresolved issues that are to be addressed. This was 

followed by a detailed calculation for identifying the plasma parametric space necessary for a 

comprehensive experimental investigation of phase mixing and wavebreaking of the 

longitudinal wave. Accordingly, a set of requirements were determined that a laboratory 
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experimental device must satisfy for the proposed wave experiments.  The requirements can 

be summarized as follows: 

i. Quiescence: 
Ì@@ ~1% or less 

j. Density range: 5 × 10* − 10:: ��+, (for experimental purpose a three order density 

variation within the mentioned range may suffice) 

k. Temperature: ~ few eV 

l. Operating pressure: 5 × 10+; − 10+, �<!� 

m. Magnetic field: 50= to 1.2�= 

n. Extent of the flat top magnetic field: 1.2 � 

o. Axial uniformity of the plasma: >?@ABCDE > 1.2 � 

p. Plasma source to be compatible with different ion species    

 

On the basis of the above requirement, an experimental device has been designed and 

constructed in two stages. The device consists of a multi-filamentary plasma source placed in 

the low magnetic field region connected to a main chamber having uniform magnetic field 

through a transition magnetic field region. The axial profile of the magnetic field can be 

tailored to obtain many different configurations by feeding current to the electromagnets 

independently. These independent variations of magnetic fields in the source, extension, and 

main chamber enable the machine operation with different mirror  ratio (Rm = Bmain/Bsource) 

configurations thus, increasing the parametric range of operation. 

A number of diagnostics have been developed for characterizing the plasma and carrying out 

wave experiments. A low noise Langmuir probe system has been developed for measuring 

time resolved density and temperature. A code has been written in MATLAB® for efficiently 

processing the single Langmuir probe I-V trace over a wide operating range for determining 
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the plasma parameters. A set of rack probes for measuring density and potential fluctuations 

in the plasma has been developed along with codes for higher order spectral analysis of the 

fluctuation data for detailed experimental study of intrinsic instabilities in a magnetized 

plasma. Excitation and detection system for ion acoustic wave and plasma oscillation have 

been developed and operated. 

A density variation of four orders �10� − 10:H ��+,� has been experimentally achieved in 

IMPED using different control parameters, notably pressure, axial magnetic field, mirror 

ratio, mesh and filament heating current. Hence, the initial target of realizing four order 

density variations for parametric wave studies has been met experimentally. The plasma 

temperature �5
� was varied from 0.8 eV to 5 eV using the above mentioned control features 

of IMPED. Thus, the required range of temperature � 2 − 5 �2�  for the phase mixing 

experiment has been satisfied. Out of all the controlling features used for varying the plasma 

parameters usage of the flexible transition magnetic field (mirror ratio) in the absence of cusp 

confinement in the curved surface of the source chamber is unique to IMPED. Its 

effectiveness in varying both the density and temperature has been substantiated with 

experimental data and the cause of variations of plasma parameters has also been 

experimentally established. The effectiveness of a mesh in altering plasma parameters in the 

downstream magnetized plasma has been experimentally explored. Probe measurements 

show that the plasma is radially and axially uniform. The axial uniformity extends to 1.2 � in 

the main chamber thus, satisfying the uniform plasma requirement. In addition to producing 

argon plasma, plasma of other ion species like helium, neon, krypton, and xenon and their 

different combinations can also be produced in this device. Furthermore, this machine has 

been designed for accommodating many plasma sources and the present plasma source can 

easily be replaced by other sources such as duoplasmatron [53], microwave source [61], and 
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oxide coated cathode [76]. Apart from steady state operation, the IMPED can also sustain 

afterglow plasmas for sufficiently long time compared to that required for wave studies.  

A method for production of quiescent magnetized plasma has been proposed using the 

flexible transition magnetic field between the plasma source and the main chamber that 

allows independent variation of magnetic field in the source (®�C?D'
) and the main chamber 

(®EoA@). Plasma with low density fluctuation has been produced by operating the system in 

low mirror ratio (åE) configuration. The effectiveness of this method has been substantiated 

with experimental data. The plasma quiescence has been maintained around 6$/$ ≲ 1% 

over a wide operating range spanning from 5 × 10+; to 10+, �<!� pressure and 109 = to 

 1090 = magnetic field in the main chamber, by operating the system in low mirror ratio 

configuration. Density fluctuation as low as ∼0.2% has been obtained in low mirror ratio 

operation Rm ∼ 29 when the magnetic field in the main chamber is held constant at 872 = at 

1 × 10+  �<!�  operating pressure. The effect of low mirror operation on the nature of 

fluctuations in IMPED has been experimentally explored. Operation in low mirror ratio 

configuration was found to give rise to a sheared electric field at the edge of the plasma, 

which in turn induced a sheared ��� × ®�� rotation. Kelvin-Helmholtz [131, 134] instability has 

been observed due to the sheared rotation at the plasma edge. Bicoherence spectrum [122] of 

density fluctuation revealed nonlinear coupling of KH with low frequency modes (may be 

DW) producing side bands. Strong interaction of the dominant spectral component of KH 

with itself was observed, resulting in harmonic generation. These results may be interesting 

to the wider physics community as the occurrence of KH instability due to velocity sheared 

layer is common in hydrodynamic systems. The dynamics of drift waves is similar to the 

dynamics of Rossby waves if Lorentz force is compared to Coriolis force [140].   However, it 

must be noted that nonlinear interactions due to self-excited modes were limited to the region 
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away from the centre of plasma and density fluctuations near the axis were very less �6$/
$ ≲ 1%�.  

Phase mixing of plasma oscillation was experimentally demonstrated in a unique 

experimental configuration for the first time, which allows one to investigate phase mixing as 

a steady state phenomenon instead of a transient phenomenon lasting only few nanoseconds 

to tens of nanoseconds. Plasma oscillations in the plasma were excited using a weak electron 

beam �· = $Å/$ ≪ 1� . The non-uniformity in the background density was externally 

induced by exciting plasma ion acoustic wave. The frequency of the beam excited wave was 

much greater than the frequency of the ion acoustic wave in the background ��	
 ≫ Ω�. The 

experiments were carried out in the regime where the wavelength of the high frequency 

electrostatic wave driven by the weak electron beam and the low frequency ion wave were of 

the same order. The power in the coherent oscillation was found to decrease on increasing the 

amplitude of the background ion acoustic wave and beyond a certain limit the coherent 

oscillation ceases to exist signifying phase mixing of plasma oscillations. Our experimental 

results showed that phase mixing of plasma oscillations depends on both the amplitude of 

oscillation and the non-uniformity of the background plasma density. 

Thus, it can be concluded that a plasma device has been successfully designed and 

constructed on the basis of a set of requirements dictated by the physics of nonlinear plasma 

oscillations. The device has met all its design criteria. Phase mixing of plasma oscillations 

has been experimentally demonstrated in a unique experimental configuration for the first 

time that clearly brings out the dependence of phase mixing on both the amplitude and the 

background density non-uniformity in a very controlled manner. 



 

178 
 

7.2 Future scope 

A versatile experimental device has been built for the experimental study of waves and 

instabilities in plasma. The device uses a unique flexible transition magnetic field for the 

production of quiescent plasma by operating the system in low mirror ratio configuration. But 

KH instability was observed in low mirror ratio operations in region away from the axis of 

the main chamber. The KH instability was found to be caused by a sheared electric field. The 

cause of occurrence of this sheared electric field in the low mirror ratio operating regime 

should be experimentally explored.   

We have observed coupling between KH instability and a low frequency mode at low mirror 

ratio operation. The range of frequencies of the low frequency mode suggests that it may be 

drift waves. Detailed experiments can be carried out to identify the low frequency mode and 

also the exact condition when KH and low frequency mode couples can be experimentally 

studied. The diagnostics necessary for the study of the above mentioned instabilities have 

been developed completely, hence one is only required to make measurements and interpret 

the result.  

 Experiments on interaction of plasma oscillation with an ion acoustic wave in the 

background have been successfully carried out. The power in the coherent oscillation was 

found to decrease with increases in amplitude of the background ion acoustic wave and 

beyond a certain amplitude of the background ion acoustic wave the coherent oscillations 

ceases to exists. The fundamental question that arises now is, where is energy of plasma 

oscillation going? Theoretically one expects the energy to be dumped in the plasma but 

experimentally that needs to be verified. The experimental configuration used for conducting 

the phase mixing experiment as described in this thesis enables one to study phase mixing as 

a steady state phenomenon instead of a transient one. This is particularly advantageous as one 
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is required to measure the equilibrium plasma temperature both when phase mixing is 

happening and in its absence to get an indication as to where is the energy getting transferred.  

   

Phase mixing of plasma oscillations have been theoretically explained with the help of mode 

coupling [12]. The power from the lower ‘k’ is supposed to go to higher ‘k’ and ultimately 

the energy is supposed to go to the plasma by resonant wave particle interaction. This can be 

experimentally verified in the current device. Role of ion inertia [13] on phase mixing of 

plasma oscillation in uniform plasma is yet to be explored experimentally.  

A parametric experimental study of the wave breaking amplitude verifying Coffey’s limit 

[36] needs to be carried out. In addition, a number of unresolved issues are mentioned in 

Chapter 1 of this thesis that can be addressed in this device. 

During the course of diagnostic development, two high frequency Langmuir probe systems 

were developed. One is based on the usage of triaxial cable for capacitance neutralization, as 

described in chapter 3 of this thesis and another system was based on the dual cable method 

[141]. The circuit of the dual cable method Langmuir system that has been developed is given 

in Figure 7.1. A comparative study of both the techniques can be done to find which 

technique is better suited under a wide variety of experimental conditions. This particular 

experiment will enable other researches in the field of experimental plasma physics to make 

an informed decision while designing a Langmuir probe system for measuring plasma 

parameters with a high temporal resolution.  
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Figure 7.1: Capacitive current neutralization using the dual cable method. 
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